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 An enduring problem in evolutionary biology is to explain how novel, complex traits 
originate. A controversial solution to this problem is that environmentally induced phenotypic 
change––phenotypic plasticity––can play a leading role in the origins of novelty. This process of 
plasticity-led evolution (PLE) posits that a change in the environment triggers a change in 
development via plasticity, and this pre-existing plasticity is subsequently molded by selection 
into an adaptive trait. The significance of PLE is controversial because few tests have been 
conducted in natural populations. Here, I address that problem. 
 Conceptually, I provide an annotated bibliography of significant works relating to 
phenotypic plasticity’s role in evolution. I then define the PLE hypothesis, identify its key 
criteria, produce a framework for evaluating the criteria in natural populations, and describe 
study systems that have begun to test the hypothesis. Next, I focus on studies of PLE in 
amphibians and identify mechanisms that are important to PLE. Together, these chapters (2-4) 
provide a foundation for assessing the broad relevance of PLE and enable tests of PLE in diverse 
systems.  
 Empirically, I use my analytical framework mentioned above to test the key criteria of 
PLE in spadefoot toad (genera Spea and Scaphiopus) tadpoles (chapters 5-7). Tadpoles in the 
genus Spea have evolved a novel, complex feeding strategy (a carnivore/cannibal morph). Using 
a combination of morphological and molecular approaches in diverse lineages, I provide 
evidence in support of PLE’s key criteria. The carnivore morph appears to have begun as an 
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 environmentally-induced developmental variant that was subsequently refined into a 
coordinated plastic response. Some populations have secondarily lost this plastic response and 
are becoming exclusively well-adapted carnivores.  
 Looking forward, chapter 8 provides a number of additional hypotheses and research 
directions for the PLE field. It describes predictions with respect to particular developmental 
features, identifies possible taxa and traits that could be used to test these predictions, notes gaps 
between theory and experimentation, and concludes with a list of specific future directions. In 
total, this dissertation not only provides empirical tests of a significant evolutionary question, but 
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INTRODUCTION AND RATIONALE 
 
 The year that I started my PhD program, an important paper came out in the journal 
Nature. It was a point-counterpoint piece on whether or not evolutionary theory needs a 
‘rethink’, and it was written by a number of leading evolutionary biologists [1,2]. On the one 
hand, proponents of an extended evolutionary synthesis (EES) [1] argue that the roles phenotypic 
plasticity, inclusive inheritance, niche construction, and developmental bias (among others) play 
in evolution warrant an updated framework for exploring evolutionary theory. Indeed, this camp 
later formalized the key predictions of the EES and noted how its interpretation of these 
processes during evolution differs from interpretation in standard evolutionary theory (SET) [3]. 
In their view, two key features that distinguish the EES from SET are the former’s organismal 
focus and its emphasis on the (often reciprocal) interaction of the environment with 
developmental systems during phenotype construction. These features are meant to explicitly 
acknowledge that there is more to evolution, specifically adaptive evolution, than changes in 
gene frequencies driven by natural selection.   
 Opponents of an EES (e.g., [2]) argue that the processes described by the EES proponents 
do not change the essentials of evolution (i.e., natural selection, drift, mutation, recombination, 
and gene flow) and are merely ‘add-ons’ that provide more detail, but not an upheaval of theory. 
That is, opponents of an EES often argue that SET already accounts for these processes. Part of 
the disconnect between EES and SET proponents hinges on the difference between having the 




has not done an adequate job of the latter, but is likely sufficiently flexible for the former.  
 Despite the disagreement, one key commonality between both sides of the EES debate 
has emerged: the desire for additional work on these questions. Indeed, the ‘Yes, urgently’ (i.e., 
pro EES) camp says, “We believe that a plurality of perspectives in science encourages 
development of alternative hypotheses, and stimulates empirical work.” Similarly, the ‘No, all is 
well’ (anti-EES) side states, “The best way to elevate the prominence of genuinely interesting 
phenomena such as phenotypic plasticity…is to strengthen the evidence for their importance”. 
Thus, at the time I began my PhD, there was, in essence, an explicit call for more work 
evaluating the role of phenotypic plasticity in evolution. 
 Although the study of phenotypic plasticity and its relevance to evolution has a rich 
history (Chapter II; [4]), the key theoretical foundation underpinning much of the current view of 
plasticity’s role in evolution is largely conceptualized in the book Developmental Plasticity and 
Evolution by Mary Jane West-Eberhard [5]. In this 800-page tome, West-Eberhard lays out a 
theory of how phenotypic plasticity plays a significant, and leading, role in the evolution of 
novelty, adaptation, and biodiversity. In her view, adaptive evolution proceeds through the 
following events. First, a qualitatively distinct developmental variant arises through a change in 
the environment (West-Eberhard argues that this could occur through mutation as well, but such 
cases would not constitute phenotypic plasticity in the typical sense) that causes a preexisting 
responsive phenotype to change or become reorganized (i.e., exhibit phenotypic plasticity). This 
new developmental variant is then immediately accommodated and stabilized by other flexible 
developmental processes (i.e., phenotypic accommodation occurs). If there is recurrence of the 
inducing stimulus (e.g., if the environmental change persists), then a subpopulation of 




(sub)population exists, selection can act on variation in the form, regulation, or side effects of the 
novel trait and produce evolutionary change (i.e., genetic accommodation occurs). Selection can 
then favor persistence of the novel variant as an alternative phenotype or it can favor fixation (or 
deletion) of the novel variant. Regardless of whether or not the novel trait is maintained as an 
inducible alternative or becomes fixed, it should undergo modification to its form and/or 
regulation. In this way, novel adaptations begin as responses of developmental systems to 
environmental perturbation that are subsequently molded by selection into well-formed, adaptive 
traits. Thus, in contrast with the prevailing historical view, West-Eberhard argued that “Most 
phenotypic evolution begins with environmentally initiated phenotypic change … Gene-
frequency change follows, as a response to the developmental change … Genes are followers, 
not necessarily leaders, in phenotypic evolution.”  
 The call for additional empirical work on how phenotypic plasticity can influence 
evolution and West-Eberhard’s theory of adaptive evolution were critical in shaping my 
dissertation. To begin, I combed through Developmental Plasticity and Evolution and extracted 
and synthesized key predictions and criteria that are needed to demonstrate West-Eberhard’s 
hypothesis of plasticity-led evolution. Then, because  the field desired more empirical work 
(especially work from natural systems rather than artificial selection or experimental evolution 
experiments) on this topic, I provided a framework for evaluating these criteria in natural 
systems (Chapter III; [6]). Importantly, this work not only enabled me to perform empirical tests 
of plasticity-led evolution in our study system (Chapters V-VII; [7-9]), it has also enabled tests in 
diverse systems and in diverse traits (Chapters IV and VIII; [10,11]). Taken together, these 




doing, have found evidence for the importance of this process in generating novelty and 
adaptation.  
 In the chapters that follow, I identify and briefly describe key historical and 
contemporary works in the field of phenotypic plasticity generally (Chapter II). I then focus on 
describing the key criteria of plasticity-led evolution and outlining how it can be empirically 
evaluated in natural populations (Chapters III and IV). The second part of my dissertation 
focuses on using this framework to explore the possibility of plasticity preceding and facilitating 
the evolution of a novel tadpole ecomorph (Chapters V-VII). Chapter VIII provides an appraisal 
of how far research on plasticity-led evolution has come since I began my dissertation, and it 
makes a number of suggestions for future directions. While this body of work alone may not 
resolve the debate surrounding plasticity’s role in evolution, at the very least, it begins to provide 
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AN ANNOTATED BIBLIOGRAPHY ON THE FIELD OF PHENOTYPIC PLASTICITY 
 
Co-author: David W. Pfennig 
 
Introduction  
 Phenotypic plasticity (often termed “plasticity”) is generally defined as the capacity of an 
individual organism to alter its behavior, physiology/gene expression, and/or morphology (i.e., 
some aspect of its phenotype) in direct response to changing environmental conditions. Plasticity 
is ubiquitous and many have suggested that it can have important ecological and evolutionary 
implications. Among other things, plasticity may allow organisms to persist in otherwise 
unfavorable environments, produce novel, complex traits, and experience altered interactions 
with other members of their community. In recent decades, the evolutionary power of plasticity 
has received renewed interest. In particular, the process of genetic accommodation has 
dominated the literature because of its potential relevance to all aspects of biology. However, 
there is some skepticism regarding the importance of phenotypic plasticity generally, and genetic 
accommodation specifically, in evolution. Indeed, despite plasticity being acknowledged for over 
100 years, its importance to evolutionary biology has evolved from being a relevant source of 
phenotypic variation, to being considered just developmental noise, to possibly forming the basis 
of an extended evolutionary synthesis. While phenotypic plasticity may be viewed as a primarily 
ecological/evolutionary phenomenon, it touches on such diverse fields as behavior, learning, 
conservation biology, and human health. Because of its pervasiveness, appreciation for and 





 Although interest in phenotypic plasticity has increased since the 1980s (Forsman 2014), 
the resulting proliferation of the literature can make it difficult to keep concepts organized. As a 
starting point, Whitman and Agrawal 2009 should be the first piece read in this entire 
bibliography because of its accessibility. A common problem when sifting through literature on 
phenotypic plasticity is the terminology. The authors of Fusco and Minelli 2010 do a good job of 
defining and clarifying terms in their review. Stearns 1989 provides a historical perspective in 
terms of the writing, but also provides a brief history of the field (to that point). While a lot of 
plasticity research focuses on “higher-order” phenotypes, Callahan, et al. 1997 sets the stage for 
current work on phenotypic plasticity at the molecular level, which is complemented by Piersma 
and Drent 2003, which emphasizes how physiological processes are phenotypically plastic. 
Wund 2012 and Forsman 2014 are particularly useful as introductions to the types of questions 
being asked by plasticity researchers and how one can test hypotheses relating to plasticity. 
Finally, Nijhout 1990 provides an excellent introduction to the thinking that drives much of the 
current research being done on plasticity and evolution—particularly that development is 
completed by genes alone. 
 Callahan, H. S., M. Pigliucci, and C. D. Schlichting. 1997. Developmental phenotypic 
plasticity: Where ecology and evolution meet molecular biology. BioEssays 19:519-525. 
[doi:10.1002/bies.950190611]. This review highlights how evolutionary and molecular biology 
can successfully be married to investigate questions of developmental plasticity. It uses the 
phytochrome-mediated shade-avoidance and light-seeking responses of flowering plants as a 




 Forsman, A. 2014. Rethinking phenotypic plasticity and its consequences for individuals, 
populations, and species. Heredity 115:276-284. [doi:10.1038/hdy.2014.92]. The major strength 
of this review is its emphasis on how to study and test hypotheses relating to phenotypic 
plasticity. It provides a “whole-organism” rather than “single-trait” perspective for understanding 
plasticity. 
 Fusco, G., and A. Minelli. 2010. Phenotypic plasticity in development and evolution: 
Facts and concepts. In Special issue: From polyphenism to complex metazoan life cycles. Edited 
by G. Fusco and A. Minelli. Philosophical Transactions of the Royal Society B 365:547-556. 
[doi:10.1098/rstb.2009.0267]. As an introduction to a special volume in the Philosophical 
Transactions of the Royal Society, this article provides one of the more succinct overviews of 
phenotypic plasticity, how it evolves, and its role in evolution. It is useful in trying to sort out the 
myriad of terminology associated with phenotypic plasticity. 
 Nijhout, H. F. 1990. Problems and paradigms: Metaphors and the role of genes in 
development. BioEssays 12:441-446. [doi:10.1002/bies.950120908]. An excellent review of how 
a gene-driven view of development is flawed. Although it gets a bit technical in places, this 
generally accessible essay should be read by anyone interested in genetics, development, and/or 
evolution. 
 Piersma, T., and J. Drent. 2003. Phenotypic flexibility and the evolution of organismal 
design. Trends in Ecology and Evolution 18:228-233. [doi:10.1016/S0169-5347(03)00036-3]. By 
focusing on reversible forms of phenotypic plasticity (termed phenotypic flexibility), Piersma 
and Drent offer a perspective that highlights the ubiquity of phenotypic plasticity. They utilize 
less frequently noted examples of plasticity, pay particular attention to diet-induced changes in 




 Stearns, S. C. 1989. The evolutionary significance of phenotypic plasticity. BioScience 
39:436-445. [doi:10.2307/1311135]. As an introductory article to a special issue of BioScience, 
this work sets the stage for the rest of its volume, but also introduces readers to terms and 
concepts used throughout plasticity literature. Among other things, it gives a short, informative 
history of the reaction norm concept in evolutionary biology. 
 Whitman, D. W., and A. A. Agrawal. 2009. What is phenotypic plasticity and why is it 
important? In Phenotypic plasticity of insects: Mechanisms and consequences. Edited by D. W. 
Whitman and T. N. Ananthakrishna, 1-63. Boca Raton, FL: CRC. [ISBN: 9781578084234]. This 
book chapter should be the first piece read by anyone interested in phenotypic plasticity. 
Although this chapter is in a book on insects, it provides one of the most accessible, 
comprehensive overviews of phenotypic plasticity available. 
 Wund, M. A. 2012. Assessing the impacts of phenotypic plasticity on evolution. 
Integrative and Comparative Biology 52:5-15. [doi:10.1093/icb/ics050]. This review (in 
particular Table 1) is a vital resource for those interested in testing hypotheses related to 
phenotypic plasticity. Almost acting as a “how-to” guide, it outlines approaches and empirical 
examples for testing eight key hypotheses of plasticity’s role in evolution. 
 
Books 
 Several books focus on phenotypic plasticity. Those listed in this section can be found on 
most, if not all, plasticity researchers’ bookshelves. West-Eberhard 2003 is the must-have book 
in this section because its breadth and depth have served as the foundation for many major 
advances in plasticity research in recent years. Schlichting and Pigliucci 1998 and Pigliucci 2001 




importance of plasticity in evolution in an accessible way. For those that are more theoretically 
and/or conceptually driven, DeWitt and Scheiner 2004 should be a useful resource. It covers 
similar topics as the others, but presents them from a slightly different perspective. Actual 
textbooks on plasticity are somewhat hard to come by. However, Gilbert and Epel 2015 is the 
closest thing available as a textbook for ecological evolutionary developmental biology. Sultan 
2015 could be used as an advanced textbook that features how plasticity is important for 
ecological development and niche construction and how these processes interact to produce 
adaptation. Piersma and van Gils 2011 is a useful textbook for physiological ecology. Levins 
1968 may be most useful for providing insight onto how plasticity was perceived around fifty 
years ago, because its major contributions are touched on in the other works of this section. 
 DeWitt, T. J., and S. M. Scheiner, eds. 2004. Phenotypic plasticity: Functional and 
conceptual approaches. Oxford: Oxford Univ. Press. [ISBN: 9780195138962]. DeWitt and 
Scheiner edit an excellent resource for understanding the breadth of ideas related to phenotypic 
plasticity using a historical and conceptual approach. More modeling and theory oriented than 
the other books on this list. 
 Gilbert, S. F., and D. Epel. 2015. Ecological developmental biology. 2d ed. Sunderland, 
MA: Sinauer Associates. [ISBN: 9781605353449]. This book comes the closest to being a 
textbook for eco-evo-devo. Plasticity is featured throughout. Utilizes both applied and basic 
research examples to highlight the significance of an eco-evo-devo perspective. Appropriate for 
upper-level undergraduates and above. 
 Levins, R. 1968. Evolution in changing environments: Some theoretical explorations. 
Princeton, NJ: Princeton Univ. Press. An early work that considers the organism-environment 




populations and communities. The first to note that the frequency of environmental encounter is 
important for evolution. 
 Piersma, T., and J. A. van Gils. 2011. The flexible phenotype: A body-centred integration 
of ecology, physiology, and behaviour. Oxford: Oxford Univ. Press. [ISBN: 9780199233724]. 
This book focuses primarily on physiological plasticity and pulls from the authors’ research 
program. It is useful for upper-level undergraduates and above. 
 Pigliucci, M. 2001. Phenotypic plasticity: Beyond nature and nurture. Baltimore: Johns 
Hopkins Univ. Press. [ISBN: 9780801867880]. This could be considered a sequel to Schlichting 
and Pigliucci 1998 in that it covers many similar topics and themes. It reviews the concept of 
phenotypic plasticity from the two prior decades and offers insight on potentially fruitful 
research directions. A good resource for anyone interested in plasticity and how it relates to 
various biological disciplines. Suitable for advanced undergraduates, graduate students, and 
professionals. 
 Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic evolution: A reaction norm 
perspective. Sunderland, MA: Sinauer Associates. [ISBN: 9780878937998]. This book argues 
for the importance of considering phenotypic plasticity when thinking about phenotypic 
evolution. It provides an informative historical overview, assesses the current state of the field 
(as of 1998), and provides future directions. This work should appeal to graduate students and 
professionals studying evolutionary biology. 
 Sultan, S. E. 2015. Organism & environment. Oxford: Oxford Univ. Press. Written as an 
advanced text for graduate students on the interplay between ecological development and niche 
construction, Organism & Environment would be useful for anyone interested in ecology, 




development and niche construction) might have greater ability to influence their evolutionary 
trajectories than has historically been appreciated. 
 West-Eberhard, M. J. 2003. Developmental plasticity and evolution. Oxford: Oxford 
Univ. Press. [ISBN: 9780195122350]. This example-rich and comprehensive book covers 
essentially all aspects of evolutionary biology and how developmental plasticity can contribute to 
our understanding of them. It is a dense read with lots of information that is best suited for 
advanced graduate students and professionals. An excellent source for research ideas. 
 
Journals 
 Studies on phenotypic plasticity could potentially be found in any journal that publishes 
biological research. However, the four most common journals for plasticity and evolution are 
**Evolution**, **Proceedings of the Royal Society of London B**, **American Naturalist**, 
and the **Journal of Evolutionary Biology**. The **Biological Journal of the Linnean 
Society** is also an important source for plasticity literature, but includes research that is 
potentially more system specific than the others. **Trends in Ecology and Evolution** is a great 
resource for easily accessible reviews and opinions on topics at the forefront of the field. 
**Molecular Ecology** has increased in importance because of the growing ease with which 1) 
non-model organisms can be studied and 2) the molecular underpinnings of plasticity and its 
evolution can be explored. Finally, **Ecology** is the leader for more ecologically based 
articles, but is important because of the ecological basis of phenotypic plasticity. 
 *American Naturalis*. 1867-. Published by the American Society of Naturalists, this 
journal publishes high-impact articles on ecology and evolution. Theory papers and meta-




 *Biological Journal of the Linnean Society*. 1969-. The descendent of the journal that 
published the seminal works of Darwin and Wallace in 1858, this journal publishes papers 
broadly related to evolution. May be more likely to encounter system-specific phenomena than in 
Evolution or the Journal of Evolutionary Biology. 
 *Ecology*. 1920-. Published by the Ecological Society of America, this journal is the 
leader in its field and is focused on generalizable research articles and syntheses. Obviously, 
most articles are more ecological than evolutionary, but a mixture is certainly present. 
 *Evolution*. 1947-. Published by the Society for the Study of Evolution, this is the 
leading journal in the field and should be the first place to look for relevant articles. This journal 
primarily publishes research articles, but perspectives, commentaries, and book reviews are also 
published. 
 *Journal of Evolutionary Biology*. 1988-. Published by the European Society for 
Evolutionary Biology, this journal is also a leader in publishing research articles on evolutionary 
biology. It also publishes review articles. 
 *Molecular Ecology*. 1992-. As the name suggests, this journal is focused on the 
molecular underpinnings of ecological, evolutionary, and behavioral processes. A useful 
resource for identifying molecular techniques being used in non-model systems. 
 *Proceedings of the Royal Society of London B*. 1905-. Publishes on topics across 
biological disciplines, but is often a source of high-impact papers in evolutionary biology and 
related fields. 
 *Trends in Ecology and Evolution*. 1986-. This journal publishes relatively short 




an excellent journal for identifying current issues in the field and obtaining ideas for potentially 
fruitful research avenues. 
 
Historical Works 
 Appreciation for the environment’s ability to influence development and thereby 
potentially impact evolution dates back to early evolutionists such as Jean-Baptiste Lamarck, 
Erasmus Darwin, Charles Darwin, and August Weismann. However, the works included in this 
section begin in the late 1800s (Baldwin 1896) and then jump to 1909 (Woltereck 1909) with the 
conception of the reaction norm—a concept that is fundamental to phenotypic plasticity research. 
The author of Johannsen 1911 then compares this reaction norm concept with his own idea of 
“genotype.” A few years later, Nilssen-Ehle 1914 coins the term “plasticity.” Around the time of 
the Modern Synthesis, Waddington 1942 and Schmalhausen 1949 developed similar concepts of 
how acquired characters can become heritable and fixed through selection. Despite this work not 
being explicitly included in the Modern Synthesis, it marks the beginning of modern conceptions 
concerning plasticity’s possible role in evolution. Although not often noted as a contributor to 
plasticity, one of the framers of the Modern Synthesis—J. B. S. Haldane—made the case for 
gene-by-environment (GxE) interactions and indirectly describes the importance of reaction 
norms (Haldane 1946). Some years later, the review Bradshaw 1965 helped establish plasticity 
as a legitimate factor in evolution that was more than simply developmental noise. These articles 
were chosen because they are the most likely to be encountered in contemporary works on 
plasticity. Nevertheless, many others are important as well. Sarkar 2003 chronicles the history of 
phenotypic plasticity from 1909 to 1999 and includes the contributions of the other works in this 




 Baldwin, J. M. 1896. A new factor in evolution. The American Naturalist 30:441-451. 
Baldwin can be considered one of the founders of phenotypic plasticity research. He proposes a 
mechanism of evolution in which an acquired character (i.e., a trait induced by the environment) 
can come under hereditary control via selection. This mechanism reconciles some aspects of 
Lamarckian and Darwinian ideas of evolution. 
 Bradshaw, A. 1965. Evolutionary significance of phenotypic plasticity in plants. 
Advances in Genetics 13:115-155. [doi:10.1016/S0065-2660(08)60048-6]. This seminal review 
by Bradshaw brought phenotypic plasticity of plants “out in the open,” suggested that plasticity 
was under genetic control, and helped bridge the gap between the classical view of plasticity as 
developmental noise and the modern appreciation of its role in ecology and evolution. Despite 
being over fifty years old, Bradshaw’s comprehensive review remains relevant for those 
interested in plasticity today. 
 Haldane, J. B. S. 1946. The interaction of Nature and Nurture. Annals of Eugenics 
13:197-205. [doi:10.1111/j.1469-1809.1946.tb02358]. This work provides an early and 
influential argument for the significance of the gene-by-environment interaction (GxE). Haldane 
indirectly describes the significance of plasticity and patterns that reaction norms can take. 
 Johannsen, W. 1911. The genotype conception of heredity. The American Naturalist 
45:129-159. [doi:10.1086/279202]. Johannsen introduces and discusses the terms “gene,” 
“genotype,” and “phenotype” as they relate to inheritance and organismal design. He briefly 
compares Woltereck’s “Reaktionsnorm” with his own description of “genotype.” 
 Nilsson-Ehle, H. 1914. Vilka erfarenheter hava hittillis vunnits rörande möjligheten av 




“plasticity” to describe environmentally induced phenotypes began with Nilsson-Ehle in this 
work. Written in Swedish; English translations may be difficult to find. 
 Sarkar, S. 2003. From the Reaktionsnorm to the evolution of adaptive plasticity: A 
historical sketch, 1909-1999. In Phenotypic plasticity: Functional and conceptual approaches. 
Edited by T. J. DeWitt and S. M. Scheiner, 10-30. Oxford: Oxford Univ. Press. [ISBN: 
9780195138962]. Sarkar’s book chapter chronicles the evolution of the norm of reaction (or 
reaction norm) concept over one hundred years. An excellent resource for finding “classic” 
literature and the origins of ideas and concepts used today. This work places all the others in the 
section into their historical context. 
 Schmalhausen, I. I. 1949. Factors of evolution: The theory of stabilizing selection. 
Chicago: Univ. of Chicago Press. Schmalhausen solidified the distinction between adaptive and 
non-adaptive reaction norms (adaptive norms and morphoses, respectively, in his terminology) 
and described the process of developmental “autoregulation” in which an adaptive norm 
becomes refined to produce a specific phenotypic outcome. Schmalhausen’s autoregulation and 
Waddington’s canalization both describe the same basic phenomenon—that some features of 
organisms are buffered against large phenotypic changes. 
 Waddington, C. H. 1942. Canalization of development and the inheritance of acquired 
characters. Nature 150:563-565. [doi:10.1038/150563a0]. In this landmark paper, Waddington 
describes how some aspects of organismal development appear buffered against large phenotypic 
changes and how an environmentally induced phenotype can come under genetic control (this is 
later termed genetic assimilation; see sections on *Genetic Assimilation* and *Canalization*). 




inherited. Waddington’s ideas were largely overlooked by his contemporaries and not included 
in the Modern Synthesis. 
 Woltereck, R. 1909. Weitere experimentelle Untersuchungen über Artveränderung, 
speziel über das Wesen quantitativer Artunterschiede bei Daphnien. Verhandlungen der 
Deutschen Zoologischen Gesellschaft 19:110-173. Woltereck is credited with creating the 
reaction norm concept, and in this work he describes the reaction norm as the sum of all the 
possible phenotypes an organism can express in all the environment’s it encounters. Written in 
German; English translations may be difficult to find. 
 
Proximate Mechanisms of Plasticity 
 The common theme of changes in gene expression and intra-individual signaling in 
response to environmental conditions occurs in almost all discussions of the mechanisms 
underlying plasticity. The transcription factors, RNAs, hormones, etc., involved in eliciting a 
response are often specific to a particular cue and induced phenotype. Beldade, et al. 2011 and 
Aubin-Horth and Renn 2009 should act as the first resources from this section because they 
thoroughly introduce the reader to general mechanisms underlying plasticity and how they can 
be studied. Dufty, et al. 2002 focuses on the role hormones play in generating plastic responses, 
and Denver 1997 discusses the hormonal basis of a common example of life history plasticity. 
Pigliucci 1996 provides a review that sets the groundwork for later research on biased expression 
of genes and pathways underlying plastic responses. Similarly, Schlichting and Smith 2002 
provides a review of plastic mechanisms with particular attention to cellular-level processes. 
Technological and methodological advances have allowed more detailed exploration of the 




leverage these advances and demonstrates an integrative approach to uncovering the mechanistic 
details in a well-known example of phenotypic plasticity. 
 Aubin-Horth, N., and S. C. P. Renn. 2009. Genomic reaction norms: Using integrative 
biology to understand molecular mechanisms of phenotypic plasticity. Molecular Ecology 
18:3763-3780. [doi:10.1111/j.1365-294X.2009.04313.x]. This is an invaluable resource for 
researchers interested in exploring the mechanistic basis of plastic traits. A variety of approaches 
are described and numerous examples of those approaches are included. Some of the methods 
described (e.g., microarrays) have become somewhat outdated, but the conceptual approaches 
still apply. 
 Beldade, P., A. R. A. Mateus, and R. A. Keller. 2011. Evolution and molecular 
mechanisms of adaptive developmental plasticity. Molecular Ecology 20:1347-1363. 
[doi:10.1111/j.1365-294X.2011.05016.x]. This review is complementary to that of Aubin-Horth 
and Renn 2009 in this section because it describes cases where developmental plasticity has 
evolved and discusses current and future approaches for studying the mechanistic basis of 
plasticity. Another useful resource for potential ways of conducting developmental plasticity 
experiments. 
 Denver, R. J. 1997. Proximate mechanisms of phenotypic plasticity in amphibian 
metamorphosis. American Zoologist 37:172-184. [doi:10.1093/icb/37.2.172]. One of the best 
examples of phenotypic plasticity is the ability of organisms to modulate major developmental 
events. Here, the hormonal basis of one common example—timing of amphibian 
metamorphosis—is discussed in detail. 
 Dufty, A. M., J. Clobert, and A. P. Møller. 2002. Hormones, developmental plasticity and 




9]. As implied by the title, this concise, yet broad, review explores and emphasizes the role of 
hormones in generating environmentally induced phenotypes. This is an important resource for 
those interested in manipulating plastic phenotypes because hormonal alterations may be more 
feasible than direct genetic or gene expression manipulations in natural systems. 
 Patalano, S., A. Vlasova, C. Wyatt, et al. 2015. Molecular signatures of plastic 
phenotypes in two eusocial insect species with simple societies. Proceedings of the National 
Academy of Sciences 112:13970-13975. [doi:10.1073/pnas.1515937112]. Patalano and 
colleagues utilize a variety of “-omic” techniques to comprehensively explore a widely 
appreciated example of phenotypic plasticity: eusocial insect castes. Their findings demonstrate 
that subtle differences in transcriptional network organization, rather than epigenetically 
mediated (e.g., methylation or microRNA) changes in gene expression, may be responsible for 
production of alternative phenotypes. This study can serve as a model for advanced graduate 
students or professionals interested in exploring the mechanistic basis of other plastic 
phenotypes. 
 Pigliucci, M. 1996. How organisms respond to environmental changes: From phenotypes 
to molecules (and vice versa). Trends in Ecology and Evolution 11:168-173. [doi:10.1016/0169-
5347(96)10008-2]. This review utilizes four case studies to demonstrate the biased expression of 
genetic and physiological pathways for given environmental conditions. In addition, it calls for 
the unity of molecular and physiological biology with ecological and evolutionary biology that 
occurs in later works. 
 Schlichting, C. D., and H. Smith. 2002. Phenotypic plasticity: Linking molecular 
mechanisms with evolutionary outcomes. Evolutionary Ecology 16:189-211. 




professionals, discusses phenotypic plasticity broadly and the general mechanisms of plasticity 
with a focus on cellular-level responses. Detailed examples from plants highlight some common 
themes for all plastic responses. 
 
Costs of Plasticity 
 Starting with the five costs and four limits of plasticity in DeWitt, et al. 1998, the costs, 
limits, and trade-offs associated with phenotypic plasticity have been an important ongoing area 
of research. Prior to that, however, Van Tienderen was using models to explore costs associated 
with being a specialist or a generalist (plastic) (see Van Tienderen 1991). Relyea 2002 
empirically demonstrates how such costs can be identified experimentally. Van Buskirk and 
Steiner 2009 and Auld, et al. 2010 provide meta-analyses and literature reviews of the costs and 
limits of plasticity and find that they are generally weak, as common as benefits, and hard to 
detect. Furthermore, Auld, et al. 2010 reduces the number of costs proposed by DeWitt, et al. 
1998. The two papers led by Snell-Rood (Snell-Rood, et al. 2010; Snell-Rood 2012) discuss 
some of the cellular, developmental, and physiological mechanisms that can lead to apparent 
costs or limits on phenotypic plasticity. Finally, Murren, et al. 2015 highlights that it is probably 
costs and limits on phenotypes rather than plasticity itself that constrain plasticity’s evolution. 
 Auld, J. R., A. A. Agrawal, and R. A. Relyea. 2010. Re-evaluating the costs and limits of 
adaptive phenotypic plasticity. Proceedings of the Royal Society B 277:503-511. 
[doi:10.1098/rspb.2009.1355]. This review suggests that the costs of plasticity are low or 
nonexistent in most cases, but that co-linearity between trait values and plasticities may obscure 




cost types proposed by DeWitt, et al. 1998 and posit that the distinction between costs and limits 
of plasticity may not be as clear as other authors suggest. 
 DeWitt, T. J., A. Sih, and D. S. Wilson. 1998. Costs and limits of phenotypic plasticity. 
Trends in Ecology and Evolution 13:77-81. [doi:10.1016/S0169-5347(97)01274-3]. This classic 
work crystallized the concepts of the costs and limits of plasticity. A must-read for anyone 
interested in plasticity and its evolution. 
 Murren, C. J., J. R. Auld, H. Callahan, et al. 2015. Constraints on the evolution of 
phenotypic plasticity: Limits and costs of phenotype and plasticity. Heredity 115:293-301. 
[doi:10.1038/hdy.2015.8]. Argues that costs and limits of phenotypes are more important in the 
evolution of plasticity than costs of plasticity itself. Various types of constraints on plasticity are 
discussed, and considerations for moving forward are presented. 
 Relyea, R. A. 2002. Costs of phenotypic plasticity. The American Naturalist 159:272-
282. [doi:10.1086/338540]. A good example of how to experimentally test for costs of producing 
a plastic phenotype. 
 Snell-Rood, E. C. 2012. Selective processes in development: Implications for the costs 
and benefits of phenotypic plasticity. Integrative and Comparative Biology 52:31-42. 
[doi:10.1093/icb/ics067]. This review puts forth the view that developmental selection—
phenotypic sampling and reinforcement during development—is a key mechanism influencing 
the costs, benefits, and consequences of plasticity. This mechanism is relevant from gene 
expression to behavior and learning, and it comes with specific, pronounced costs. 
 Snell-Rood, E. C., J. D. Van Dyken, T. Cruickshank, M. J. Wade, and A. P. Moczek. 
2010. Towards a population genetic framework of developmental evolution: The costs, limits, 




By focusing on relaxed selection, mutation accumulation, and the role of modularity in 
developmental genetic networks, Snell-Rood and colleagues provide valuable insight on the 
potential mechanisms leading to constraints on the evolution of plasticity. 
 Van Buskirk, J., and U. K. Steiner. 2009. The fitness costs of developmental canalization 
and plasticity. Journal of Evolutionary Biology 22:852-860. [doi:10.1111/j.1420-
9101.2009.01685.x]. This meta-analysis found that the costs of plasticity are generally mild or 
nonexistent, and that this may potentially be due to the difficulty in detecting them. 
 Van Tienderen, P. H. 1991. Evolution of generalists and specialists in spatially 
heterogeneous environments. Evolution 45:1317-1331. [doi:10.2307/2409882]. Van Tienderen 
uses quantitative genetic models to explore the relative fitness of specialists or generalists 
(plastic) under hard and soft selection when there is a cost associated with being a generalist. His 
models demonstrate that strength and type of selection and historical events (i.e., migration, 
mutation) influence the evolution of specialization and/or phenotypic plasticity. 
 
Modeling Plasticity 
 Theoretical modeling of phenotypic plasticity has been an important avenue of research 
for many years because it provides insights that could be difficult to obtain empirically. Further, 
it helps generate predictions and expectations that can drive empirical research programs. The 
foundational paper for almost all contemporary models of plasticity is Via and Lande 1985, 
which uses models to describe how selection can influence the evolution of phenotypic plasticity 
and the shapes of reaction norms. Another effort at predicting reaction norms based on 
organismal characteristics was Stearns and Koella 1986. Notably, the authors were able to 




identified and described the conditions in which an environmentally induced developmental 
switch should be favored over genetic polymorphism. Gomulkiewicz and Kirkpatrick 1992 
expanded on the models of Via and Lande 1985 by considering continuous environments rather 
than discrete patches. Scheiner 1993 provides a review of phenotypic plasticity that is largely 
focused on modeling and should be the first piece read in this section. A few years later, another 
review provided a summary of the previous decade of plasticity theory (Via, et al. 1995). The 
author of De Jong 2005 comes to a conclusion counter to some of her contemporaries—that 
phenotypic plasticity is not an important factor in evolution (or at least macroevolution). More 
recently, Lande 2009 is a hallmark paper that showed how the process of *Genetic Assimilation* 
can theoretically proceed. This was an extremely important outcome because there has been 
ongoing skepticism of genetic assimilation as an important evolutionary process. Finally, 
Chevin, et al. 2010 demonstrates the importance of including phenotypic plasticity in models of 
extinction risk and population persistence. This work is timely as numerous species have 
increased risk of extinction due to ongoing climate change. 
 Chevin, L. M., R. Lande, and G. M. Mace. 2010. Adaptation, plasticity, and extinction in 
a changing environment: Towards a predictive theory. PLoS Biology 8:e1000357. 
[doi:10.1371/journal.pbio.1000357]. Chevin and Lande leverage evolutionary models to explore 
the determinants of extinction risk. They find that phenotypic plasticity and environmental 
sensitivity of selection are two important parameters that need to be incorporated into models of 
population persistence. Finally, they show how their approach can be used for predictive 
purposes. 
 De Jong, G. 2005. Evolution of phenotypic plasticity: Patterns of plasticity and the 




De Jong uses models to explore the role of plasticity in adapting to novel environments and 
generating ecotypes. Her conclusion is that *Genetic Assimilation* does not adequately explain 
observed patterns and that phenotypic plasticity does not have support as a major mechanism for 
evolution in terms of invading new niches or macroevolution. 
 Gomulkiewicz, R., and M. Kirkpatrick. 1992. Quantitative genetics and the evolution of 
reaction norms. Evolution 46:390-411. [doi:10.2307/2409860]. Whereas the models of Via and 
Lande in this section utilize discrete environments, Gomulkiewicz and Kirkpatrick consider 
environments that vary continuously. Genetic constraints can interact with environmental 
variation to produce a variety of evolutionary equilibria. This paper provides a framework in 
which empiricists can test the optimality of their observed reaction norms. 
 Lande, R. 2009. Adaptation to an extraordinary environment by evolution of phenotypic 
plasticity and genetic assimilation. Journal of Evolutionary Biology 22:1435-1446. 
[doi:10.1111/j.1420-9101.2009.01754.x]. Lande showed how the process of *Genetic 
Assimilation* can theoretically proceed. First, the mean fitness drops when a new environment is 
encountered and the mean phenotype jumps toward the new optimum via plasticity. Then rapid 
evolution increases plasticity and allows the mean phenotype to approach the new optimum. 
Slowly, plasticity is reduced and compensated by genetic evolution of reaction norm elevation in 
the ancestral environment. 
 Lively, C. M. 1986. Canalization versus developmental conversion in a spatially variable 
environment. The American Naturalist 128:561-572. Lively uses strategy models to investigate 
the evolution and maintenance of environmentally induced developmental switches. He found 




environmentally induced polyphenism, a genetically determined polymorphism, or a mixture of 
the two—depending on the conditions. 
 Scheiner, S. M. 1993. Genetics and evolution of phenotypic plasticity. Annual Review of 
Ecology and Systematics 24:35-68. Scheiner is one of the leading figures in modeling plasticity 
and has produced many papers on the subject. This excellent paper describes three approaches 
taken when modeling plasticity—optimality models, quantitative genetic models, and gametic 
models. It should be the first piece read in this section. 
 Stearns, S. C., and J. C. Koella. 1986. The evolution of phenotypic plasticity in life-
history traits: Predictions of reaction norms for age and size at maturity. Evolution 40:893-913. 
[doi:10.2307/2408752]. Stearns and Koella found that the reaction norms for maturation should 
take one of (at least) four shapes depending on the relationship between changes in growth rate 
and changes in adult mortality rate and/or juvenile mortality rate. In addition, their predictions 
are generally supported using nineteen populations of fish and various other species. 
 Via, S., R. Gomulkiewicz, G. de Jong, S. M. Scheiner, C. D. Schlichting, and P. van 
Tienderen. 1995. Adaptive phenotypic plasticity: Consensus and controversy. Trends in Ecology 
and Evolution 10:212-217. This review by Via and colleagues summarizes the previous decade 
of plasticity theory and provides an accessible synthesis of many of the other works in this 
section. This would be useful to read before delving more heavily into the strict modeling papers. 
 Via, S., and R. Lande. 1985. Genotype-environment interaction and the evolution of 
phenotypic plasticity. Evolution 39:505-522. [doi:10.2307/2408649]. This is the modeling paper 
from which almost all subsequent models of phenotypic plasticity stem. It uses a quantitative 
genetic model to describe how selection can affect phenotypic plasticity and shape reaction norm 




obtained in alternative environments and how quickly such optima are reached. Migration and 
hard and soft selection are both considered. 
 
Plasticity, Local Adaptation, and Gene Flow 
 The works in this section explore the interaction among phenotypic plasticity, local 
adaptation, and gene flow. Understanding how these interactions play out is important because it 
can determine if a lineage will persist in a given environment. An excellent summary of these 
interactions is found in Crispo 2008 and makes this work the first one that should be read in this 
section. Sultan 1995 sets the stage for later work comparing the benefits of plasticity versus local 
adaptation. In particular, Sultan and Spencer 2002 demonstrated that when some gene flow 
occurs, plasticity should be favored over local adaptation. Alpert and Simms 2002 then discuss 
more generally under what conditions plasticity should be favored over fixity. Gotthard and 
Nylin 1995 is an interesting work because it gets into the semantics of what defines adaptive 
plasticity versus plasticity as an adaptation. This is an important point because plasticity can 
sometimes be locally adaptive (Lind, et al. 2010), but tracing its origins as an adaptation can be 
more difficult. Lind, et al. 2010 provides an empirical demonstration of how gene flow, local 
adaptation, and phenotypic plasticity interact in a natural system of Rana temporaria. Scheiner 
2013 integrates the effects of gene flow, life history patterns, and spatial and temporal 
heterogeneity into a comprehensive model of phenotypic plasticity evolution. 
 Alpert, P., and E. L. Simms. 2002. The relative advantages of plasticity and fixity in 
different environments: When is it good for a plant to adjust? Evolutionary Ecology 16:285-297. 
[doi:10.1023/A:1019684612767]. This work discusses, in simple terms, when plasticity should 




predictability of temporal and spatial environmental heterogeneity as well as the amount of 
available resources. As noted in the title, the focus is on plants. 
 Crispo, E. 2008. Modifying effects of phenotypic plasticity on interactions among natural 
selection, adaptation, and gene flow. Journal of Evolutionary Biology 21:1460-1469. 
[doi:10.1111/j.1420-9101.2008.01592.x]. This review discusses how plasticity can impede and 
promote adaptive genetic divergence among populations. Figure 1 and Table 1 provide useful 
summaries of the potential interactions of phenotypic plasticity, adaptive genetic divergence, and 
gene flow while also noting the mechanism by which particular outcomes arise. 
 Gotthard, K., and S. Nylin. 1995. Adaptive plasticity and plasticity as an adaptation: A 
selective review of plasticity in animal morphology and life history. Oikos 74:3-17. 
[doi:10.2307/3545669]. This review focuses primarily on terminology and distinguishes cases 
where plasticity is adaptive (beneficial function maintained by selection) and cases where the 
plasticity is an adaptation (its origin is linked to this function). It highlights that, until then, 
distinguishing between the two empirically had been difficult and infrequently done. It discusses 
examples in animals regarding the adaptive and adaptation status of various traits. 
 Lind, M. I., P. K. Ingvarsson, H. Johansson, D. Hall, and F. Johansson. 2010. Gene flow 
and selection on phenotypic plasticity in an island system of Rana temporaria. Evolution 65:684-
697. [doi:10.1111/j.1558-5646.2010.01122.x]. Provided an empirical test of how gene flow, 
phenotypic plasticity, and local adaptation interact. It highlights the importance of migration and 
environmental heterogeneity for the evolution of phenotypic plasticity, and it shows that 
plasticity itself can be locally adaptive. 
 Scheiner, S. M. 2013. The genetics of phenotypic plasticity. XII. Temporal and spatial 




that includes not just the effects of gene flow, but also interactions with life history patterns, and 
spatial and temporal heterogeneity. 
 Sultan, S. E. 1995. Phenotypic plasticity and plant adaptation. Acta Botanica Neerlandica 
44:363-383. [doi:10.1111/j.1438-8677.1995.tb00793.x]. A thorough review of how phenotypic 
plasticity is adaptive in plants that was written about a decade after the revitalization of plasticity 
studies. Established a foundation for future work exploring local adaptation and plasticity in 
plants. 
 Sultan, S. E., and H. G. Spencer. 2002. Metapopulation structure favors plasticity over 
local adaptation. The American Naturalist 160:271-283. [doi:10.1086/341015]. By expanding 
upon Moran 1992 (cited under *Polyphenisms*), this study was the first to demonstrate (using a 
model) that plasticity should be favored over local adaptation in populations where some 
migration occurs (e.g., metapopulations) and that, in such cases, the plastic response need not be 
perfect or without cost. 
 
Polyphenisms 
 Polyphenisms are a particular type of plastic responses that result in two or more discrete 
phenotypes existing within a population or species. Because of their discrete nature, they are 
sometimes discussed separately from more continuous or variable plastic responses. Nijhout 
2003 should be the first piece read in this section because of its clear overview of the topic and 
how polyphenisms can arise. Another key work is Moran 1992, which first provided a general 
framework for understanding the origins and maintenance of polyphenisms. After Mayr 1963 
popularized the term polyphenism from Michener’s use of “polyphenic” (Michener 1961) its use 




seasonal polyphenisms and demonstrated the pervasiveness and importance of the phenomenon. 
Years later, empirical work by the authors of Abouheif and Wray 2002 highlighted the 
importance of understanding gene networks in the production of alternate phenotypes. Insects 
have been (and continue to be) a major resource for studying polyphenisms. Simpson, et al. 2011 
surveyed some of the most well-known insect polyphenisms, explored their underlying 
mechanisms, and discussed their adaptive significance to gain insight on their general features. 
Finally (and arguably unrelated to other works in this section), Charnov and Bull 1977 discussed 
the conditions in which an extreme polyphenism—environmental sex determination—should be 
favored over genetic sex determination (i.e., genetic polymorphism). The authors’ general 
approach could be applied to almost all forms of polyphenism in that costs and benefits to 
environmental versus genetic determination need to be weighed. 
 Abouheif, E., and G. A. Wray. 2002. Evolution of the gene network underlying wing 
polyphenism in ants. Science 297:249-252. [doi:10.1126/science.1071468]. This was the first 
study to look in-depth at the evolution of gene networks for the production of a plastic trait. It 
demonstrated that both evolutionary lability and conservation of the network underlying trait 
development may be important for the evolution of polyphenisms. This work highlights the 
importance of understanding developmental networks and their evolution in order to ultimately 
understand the evolution of plasticity. 
 Charnov, E. L., and J. Bull. 1977. When is sex environmentally determined. Nature 
266:828-830. [doi:10.1038/266828a0]. This work formalized the conditions in which a major 
class of polyphenism, environmental sex determination (ESD), is selectively favored. 
Specifically, ESD is likely to occur where the environment is patchy, different patches favor 




offspring will enter. This work is important because these ideas should apply more generally to 
other forms of polyphenism. 
 Mayr, E. 1963. Animal species and evolution. Cambridge, MA: Belknap Press of Harvard 
Univ. Press. In this important book, Mayr popularized the term “polyphenism” to cover cases 
where individuals within a population may exhibit a variety of phenotypes, but the differences 
are not the result of genetic differences. This term was slow to get traction, but is now commonly 
used to describe cases of phenotypic plasticity that produce discrete alternative phenotypes. 
 Michener, C. 1961. Social polymorphism in Hymenoptera. Symposium of the Royal 
Entomological Society of London 1:43-56. In this somewhat obscure work, Michener coins the 
term “polyphenic” to refer to environmentally determined alternative phenotypes. 
 Moran, N. A. 1992. The evolutionary maintenance of alternative phenotypes. The 
American Naturalist 139:971-989. Moran’s highly influential framework showed that ecological, 
developmental, and genetic factors are all important for understanding the evolutionary 
maintenance of polyphenisms. In particular, she noted the importance of temporal (compared to 
spatial) variation, intermediate frequencies of alternative selective environments, and 
environmental predictability. A strength of this framework is its generalizability and agreement 
with models that preceded it. 
 Nijhout, H. F. 2003. Development and evolution of adaptive polyphenisms. Evolution 
and Development 5:9-18. [doi:10.1046/j.1525-142X.2003.03003.x] Nijhout gives a clear 
introduction to polyphenisms in this review. Importantly, he notes that polyphenisms can arise in 
two ways—through developmental switches or through environmental discontinuity. He focuses 




 Shapiro, A. M. 1976. Seasonal polyphenism. In Evolutionary biology. Vol. 9. Edited by 
M. K. Hect, W. C. Steere, and B. Wallace, 259-333. New York: Springer. Shapiro’s book 
chapter catalogues numerous examples of seasonal polyphenisms—primarily in insects. By 
demonstrating how common seasonal polyphenisms are, this chapter solidified the importance of 
polyphenisms in animal populations. 
 Simpson, S. J., G. A. Sword, and N. Lo. 2011. Polyphenism in insects. Current Biology 
21:R738-R749. [doi:10.1016/j.cub.2011.06.006]. This review surveys some of the most well-
known insect polyphenisms, explores their underlying mechanisms, and discusses their adaptive 
significance. In addition, commonalities among these polyphenisms are discussed to highlight 
general features of the phenomenon. 
 
Evolution of Plasticity 
 The evolutionary implications of phenotypic plasticity have been discussed for over one 
hundred years. However, since ~1980s a resurgence in research on phenotypic plasticity has 
resulted in new appreciation for the role it might play in evolution. This renewed interest has 
been partially fueled by the acknowledgement that environmentally induced phenotypes may 
have greater evolutionary potential than mutationally induced ones. Specifically, 
environmentally induced phenotypes could be powerful evolutionary forces because they occur 
in response to specific environmental conditions (and in a sense are “directed”), affect multiple 
individuals at once, and promote the storage and release of cryptic genetic variation under 
atypical conditions. A common theme of contemporary literature on the evolution of plasticity is 






 As with all subfields within evolutionary biology, experimental evolution studies have 
provided some of the strongest support for plasticity’s role in evolution and how it itself evolves. 
Results from experimental evolution studies provided an important step in the recognition of 
plasticity as a significant evolutionary factor and paved the way for some of the later theoretical 
and empirical work seen in other sections of this bibliography. A major strength of these kinds of 
studies is the use of inbred or genetically identical lines (or genotypes) exposed to different 
environments. Such an approach directly mirrors the classical definition of phenotypic plasticity 
(i.e., a single genotype giving rise to multiple phenotypes depending on environmental 
conditions). Although other works have used an experimental evolution approach, they are 
covered in other sections of this bibliography (e.g., see Waddington 1953 in *Genetic 
Accommodation* and Waddington 1953 and Waddington 1959 in *Genetic Assimilation*). To 
become familiar with experimental evolutionary studies of plasticity, Kassen 2002 and then 
Garland and Kelly 2006 should be read because they are reviews that highlight some of the 
major insights gained from these types of studies. Then, Hillesheim and Stearns 1991 should be 
read because it acts as a good guide for how experimental evolution studies can be performed, 
particularly in Drosophila. Similarly, Chippindale, et al. 1993 used Drosophila to demonstrate 
that trade-offs between survival and reproduction can arise via plastic responses as well as 
evolutionary processes. Prior to either of these studies, Perkins and Jinks 1971 established that 
the genotype-environment interaction can be artificially selected upon to a desired level and that 
selection for plasticity in different traits in response to different environmental conditions can 
occur relatively independently. Likewise, Scheiner and Lyman 1991 found that selection on 




trait. Spitze 1992 is included as a gateway into the use of Daphnia as a model organism for 
studying the evolution of plasticity and because it provides important insights for this system. 
Finally, Suzuki and Nijhout 2006 and Sikkink, et al. 2014 address questions related to genetic 
accommodation and assimilation (see *Genetic Accommodation* and *Genetic Assimilation*) 
in atypical (i.e., non-Drosophila and non-Daphnia) model organisms for studying plasticity. 
 Chippindale, A. K., A. M. Leroi, S. B. Kim, and M. R. Rose. 1993. Phenotypic plasticity 
and selection in Drosophila life-history evolution. I. Nutrition and cost of reproduction. Journal 
of Evolutionary Biology 6:171-193. [doi:10.1046/j.1420-9101.1993.6020171.x]. Chippindale and 
colleagues demonstrate, using experimental evolution, that dietary manipulation in Drosophila 
melanogaster can mimic evolutionary (e.g., dependent on alleles) and phenotypic (e.g., 
dependent on physiology/metabolism) trade-offs between survival and reproduction. Their 
results suggest that the evolutionary response and the plastic response might share a common 
physiological basis, but that some discrepancies do exist. 
 Garland, T., and S. A. Kelly. 2006. Phenotypic plasticity and experimental evolution. 
Journal of Experimental Biology 209:2344-2361. [doi:10.1242/jeb.02244]. Garland and Kelly 
provide a review of studies that used experimental evolution to investigate phenotypic plasticity. 
Somewhat uniquely, they devote a good amount of space to discussing an example from mice 
that were selected for wheel-running behavior. Their take-home message/advice was that any 
selection experiment in which the selective event is more than instantaneous should explore 
whether plasticity in the appropriate (adaptive) direction has increased as a component of the 
response to selection. 
 Hillesheim, E., and S. C. Stearns. 1991. The response of Drosophila melanogaster to 




Evolution 45:1909-1923. [doi:10.2307/2409839]. This study is a classic example of how 
plasticity is studied in an experimental evolution context. Hillesheim and Stearns demonstrated 
that selection could act on traits in alternative environments, but also on plasticity itself. This 
work is probably most useful as a guide for how to perform a simple experimental evolution of 
plasticity study. 
 Kassen, R. 2002. The experimental evolution of specialists, generalists, and maintenance 
of diversity. Journal of Evolutionary Biology 15:173-190. [doi:10.1046/j.1420-
9101.2002.00377.x]. Although it is somewhat broader than other works included in this section, 
this is an excellent resource for finding discussion and references of experimental evolution 
studies on phenotypic plasticity. This should be the first work read in this section because it 
helps set the stage for the others and references many other classic pieces of experimental 
evolution. 
 Perkins, J. M., and J. L. Jinks. 1971. Specificity of the interaction of genotypes with 
contrasting environments. Heredity 26:463-474. [doi:10.1038/hdy.1971.57]. This work 
established that the genotype-environment interaction can be artificially selected upon to a 
desired level and that different genotypes harbor differences in sensitivity to environmental 
conditions. In addition, it demonstrated that selection for plasticity in different traits (e.g., height 
versus flowering time) in response to different environmental conditions (e.g., fertilizer versus 
seasonality) can occur relatively independently. Finally, this work also hints at the potentially 
significant role plasticity could play in agriculture. 
 Scheiner, S. M., and R. F. Lyman. 1991. The genetics of phenotypic plasticity. II. 
Response to selection. Journal of Evolutionary Biology 4:23-50. [doi:10.1046/j.1420-




trait (thorax size responding to temperature) is possible and that it is partially independent of 
selection on the mean of the trait. In addition, they found that they were able to select for no 
plasticity, but in these lines genetic variation for plasticity still remained. Finally, the authors 
suggest that the plasticity of a trait is determined by loci that are separate from those determining 
the trait mean itself. 
 Sikkink, K. L., R. M. Reynolds, C. M. Ituarte, W. A. Cresko, and P. C. Phillips. 2014. 
Rapid evolution of phenotypic plasticity and shifting thresholds of genetic assimilation in the 
nematode Caenorhabditis remanei. G3: Genes, Genomes, Genetics 4:1103-1112. 
[doi:10.1534/g3.114.010553]. This experimental evolution study of heat shock resistance in 
nematodes revealed that apparent genetic assimilation (see *Genetic Accommodation* and 
*Genetic Assimilation*) is possible without global changes in gene regulation (e.g., gene 
expression), but could instead be due to a shift in induction threshold. Thus, before one 
concludes that genetic assimilation has occurred, a broader environmental context should be 
explored. 
 Spitze, K. 1992. Predator-mediated plasticity of prey life history and morphology: 
Chaoborus americanus predation on Daphnia pulex. The American Naturalist 139:229-247. 
[doi:10.1086/285325]. This study revealed several important features of the well-studied 
inducible defenses of Daphnia species. First, there is inter-genotype variation in the extent of 
induced defenses. Second, the extent of the induced defense (neck teeth) is not a good predictor 
of life history changes or fitness gains. Finally, plasticity has different life history consequences 
depending on genotype. Importantly, this work highlights the need to explore other traits beyond 





 Suzuki, Y., and H. F. Nijhout. 2006. Evolution of a polyphenism by genetic 
accommodation. Science 311:650-652. [doi:10.1126/science.1118888]. Suzuki and Nijhout used 
experimental evolution in the tobacco hornworm (Manduca sexta) to demonstrate that selection 
on a previously cryptic reaction norm (revealed through novel mutation) can lead to the 
evolution of a polyphenism or loss of plasticity (genetic assimilation). In addition, they suggest 
that regulators of developmental hormone levels can mask genetic variation and that when they 
are disrupted they can act as evolutionary capacitors that facilitate the evolution of novelty. 
 
Genetic Accommodation 
 Genetic accommodation is an important step in the *Plasticity-First Evolution* process 
and is the adaptive refinement or extension of an environmentally (or mutationally) induced 
phenotype. This term was introduced and described at length in West-Eberhard 2003. Three 
subcategories of genetic accommodation have been described. Crispo 2007 gives a nice 
description of genetic accommodation and helps clarify the subtleties among these different 
subcategories. The first—genetic assimilation—involves the loss of plasticity and production of 
the induced phenotype constitutively (Waddington 1953). Genetic compensation (Grether 2005) 
occurs when ancestral phenotypes are restored in the presence of phenotype-altering 
environmental stimuli. The Baldwin effect (Baldwin 1896) is the oldest of the three and has 
come to be understood as selection favoring increased plasticity (Crispo 2007) and 
environmentally induced phenotypes coming under greater genetic control. In Simpson 1953, the 
author coined the term “Baldwin effect” and concluded that it does not contradict the Modern 
Synthesis. However, he was skeptical of its importance in evolution. This skepticism has 




increased efforts in testing these ideas experimentally and in nature. Waddington 1953 and 
Suzuki and Nijhout 2006 both showed that genetic accommodation can occur in the laboratory. 
However, showing that a process can happen is different from showing that it has happened in 
any natural population. Therefore, Schlichting and Wund 2014 sought to assess the strength of 
the evidence for genetic accommodation and catalogued over a hundred studies that provide 
some level of evidence for genetic accommodation, many of which are from wild populations. 
Nevertheless, the significance of genetic accommodation still remains contentious. 
 Baldwin, J. M. 1896. A new factor in evolution. The American Naturalist 30:441-451. 
Baldwin proposes a mechanism of evolution in which a character acquired by members of a 
group of organisms (i.e., induced by the environment) may be reinforced or replaced, via 
selection, by similar hereditary characters. In 1896, Lloyd Morgan and H. F. Osborn 
independently developed similar ideas (see Osborn 1896, cited under *Learning as Plasticity*). 
Baldwin refined his ideas in later works (e.g., Baldwin, J. M. 1902. Development and evolution. 
Macmillan, New York). 
 Crispo, E. 2007. The Baldwin effect and genetic assimilation: Revisiting two mechanisms 
of evolutionary change mediated by phenotypic plasticity. Evolution 61:2469-2479. 
[doi:10.1111/j.1558-5646.2007.00203.x]. In this review, Crispo describes the similarities and 
differences between the Baldwin effect and genetic assimilation and places both in the broader 
context of genetic accommodation. This review is particularly useful in that it puts older writings 
in modern terms. Table 1 is especially useful for identifying predictions of the Baldwin effect 
and genetic assimilation. 
 Grether, G. F. 2005. Environmental change, phenotypic plasticity, and genetic 




describes another subcategory of genetic accommodation (in addition to the Baldwin effect and 
genetic assimilation) that he calls genetic compensation. This term is less frequently used, but is 
described as the opposite of genetic assimilation—ancestral phenotypes are restored in the 
presence of phenotype-altering environmental stimuli. 
 Schlichting, C. D., and M. A. Wund. 2014. Phenotypic plasticity and epigenetic marking: 
An assessment of evidence for genetic accommodation. Evolution 68:656-672. 
[doi:10.1111/evo.12348]. The first half of this review describes what role epigenetic marks may 
play in genetic accommodation. The second half focuses on the strength of the evidence for 
genetic accommodation as an evolutionary process. While the text is beneficial, readers should 
definitely consult the supplemental tables for over a hundred specific examples with possible 
links to genetic accommodation. 
 Simpson, G. G. 1953. The Baldwin effect. Evolution 7:110-117. [doi:10.2307/2405746]. 
Simpson coins the term “Baldwin effect” in his discussion of the process and the evidence for it. 
He concludes that it is not inconsistent with the Modern Synthesis framework, but is doubtful of 
its importance. 
 Suzuki, Y., and H. F. Nijhout. 2006. Evolution of a polyphenism by genetic 
accommodation. Science 311:650-652. [doi:10.1126/science.1118888]. This study was the first 
to show that genetic accommodation can result in polyphenism. In addition, it was the first to 
show a clear mechanism by which the evolved change happened. The study also found evidence 
of genetic assimilation. 
 Waddington, C. H. 1953. Genetic assimilation of an acquired character. Evolution 7:118-
126. [doi:10.2307/2405747]. Waddington provides the first empirical test of genetic 




loss of phenotypic plasticity and that a previously environmentally induced phenotype can 
evolve to be constitutively expressed even in the absence of the original inducing stimulus (see 
also *Genetic Assimilation*). 
 West-Eberhard, M. J. 2003. Developmental plasticity and evolution. Oxford: Oxford 
Univ. Press. [ISBN: 9780195122350]. This book is a must-have for anyone interested in 
evolution and phenotypic plasticity. It is replete with ideas and examples. This book is probably 
most cited for coining the term “genetic accommodation.” However, genetic accommodation is 
only a part of the adaptive evolutionary process described by West-Eberhard. 
 
Genetic Assimilation 
 Genetic assimilation is the adaptive loss of plasticity that leads to constitutive expression 
of a previously environmentally induced phenotype. The idea that environmentally induced 
phenotypes can become heritable is often attributed to Lamarck 1809. However, Lamarck’s 
conception of how this process happens was incorrect. Waddington 1942 and Schmalhausen 
1949 (both referenced in *Historical Works*) independently developed hypotheses on how such 
environmentally induced traits could come under genetic control. This process was first 
demonstrated by Waddington 1953 in Drosophila wing venation. This work was criticized 
because it did not show that genetic assimilation could be adaptive. Therefore, in Waddington 
1959, the author performed an experiment similar to that in his 1953 work, but focused on an 
adaptive trait—anal papillae that are responsible for osmotic stress tolerance. Despite the work of 
Waddington and others, genetic assimilation remained largely a footnote or interesting anomaly 
in evolutionary biology. The review Matsuda 1982 suggested that genetic assimilation may be 




misunderstandings and skepticism over the significance of genetic assimilation persisted into the 
21st century and led to the review Pigliucci, et al. 2006, which seeks to clarify misconceptions 
and address critiques of the role played by phenotypic plasticity generally, and genetic 
assimilation specifically, in evolution. Emerging empirical work helped spur the need for such a 
review because genetic assimilation was being brought into mainstream evolutionary biology 
again. Chapman, et al. 2000 roughly marks the start of this renewed interest in genetic 
assimilation and finds evidence consistent with the process of genetic assimilation in the wild. 
Sixteen years later, Parsons, et al. 2016 provided a compelling example of genetic assimilation at 
the genetic level. Despite renewed interest in (and evidence for) genetic assimilation, its 
proximate mechanisms remain poorly understood. Ehrenreich and Pfennig 2016, Schneider and 
Meyer 2016 (see *Speciation and Diversification*), and Lande 2009 (cited under *Modeling 
Plasticity*) provide insights on the proximate mechanisms of how the process of genetic 
assimilation may proceed. 
 Chapman, L. G., F. Galis, and J. Shinn. 2000. Phenotypic plasticity and the possible role 
of genetic assimilation: Hypoxia-induced trade-offs in the morphological traits of an African 
cichlid. Ecology Letters 3:387-393. [doi:10.1046/j.1461-0248.2000.00160.x]. This study was 
arguably the first to explicitly investigate genetic assimilation in the wild. Fish from a low-
oxygen environment had greater gill surface area than those in a well-oxygenated environment. 
Importantly, a laboratory experiment also demonstrated that siblings reared in low-oxygen 
conditions developed greater surface area than their well-oxygenated siblings. However, the way 
in which greater surface area was achieved differed between the wild and lab groups. 
 Ehrenreich, I. M., and D. W. Pfennig. 2016. Genetic assimilation: A review of its 




[doi:10.1093/aob/mcv130]. The major contribution of this review is its thorough exploration of 
the proximate genetic, molecular, and physiological mechanisms that may underlie phenotypic 
plasticity and the process of genetic assimilation. 
 Lamarck, J.-B. 1809. Philosophie zoologique. Paris: Museum d’Histoire Naturelle. 
Oftentimes Lamarckism is brought up when discussing genetic assimilation. In this work, 
Lamarck describes two laws: 1) that use and disuse cause body structures to grow or shrink and 
2) these changes are inherited. Such “inheritance of acquired characters” is related to, but distinct 
from, the process of genetic assimilation. Written in French; English translations may be difficult 
to find. 
 Matsuda, R. 1982.The evolutionary process in talitrid amphipods and salamanders in 
changing environments, with a discussion of “genetic assimilation” and some other evolutionary 
concepts. Canadian Journal of Zoology 60:733-749. [doi:10.1139/z82-103]. This review was one 
of the first to explore the extent to which genetic assimilation may be present in the wild as well 
as providing a hypothetical diagram (Fig. 2) describing the process of genetic assimilation in 
animal traits. Matsuda suggests that genetic assimilation is responsible for neoteny (reaching 
sexual maturity while retaining larval characteristics) in salamanders. 
 Parsons, K. J., M. Concannon, D. Navon, et al. 2016. Foraging environment determines 
the genetic architecture and evolutionary potential of trophic morphology in cichlid fishes. 
Molecular Ecology. [doi:10.1111/mec.13801]. Using quantitative trait locus (QTL) mapping and 
hybrid crosses, Parsons and colleagues find evidence for genetic assimilation at a specific locus 
in cichlid. Specifically, the environment was a better predictor of phenotype than was genotype 




 Pigliucci, M., C. J. Murren, and C. D. Schlichting. 2006. Phenotypic plasticity and 
evolution by genetic assimilation. Journal of Experimental Biology 209:2362-2367. 
[doi:10.1242/jeb.02070]. Pigliucci and colleagues explore misunderstandings about the role of 
phenotypic plasticity in evolution. In particular, they address critiques of the role played by 
phenotypic plasticity and genetic assimilation in evolution and how this role relates to the 
Modern Synthesis. 
 Waddington, C. H. 1953. Genetic assimilation of an acquired character. Evolution 7:118-
126. [doi:10.2307/2405747]. Using fruit flies and experimental evolution, Waddington provides 
the first empirical test of genetic assimilation and demonstrates that temperature-induced 
changes in wing venation could be selected for constitutive expression in the absence of 
temperature induction (see also *Genetic Accommodation*). 
 Waddington, C. H. 1959. Canalization of development and genetic assimilation of 
acquired characters. Nature 183:1654-1655. [doi:10.1038/1831654a0]. Although this is not the 
first time Waddington wrote on these topics (see Waddington 1942 in *Historical Works* and 
Waddington 1953 in this section and the *Genetic Accommodation* section), this is the first 




 Canalization is essentially the opposite of plasticity; a canalized trait is produced 
regardless of environmental conditions. However, for one trait to be canalized, one or more 
others must be plastically expressed. Various authors have tried to unravel the conditions that 




particular, Wilkins 1997 suggested that redundancy due to paralogous genes is key for 
canalization to arise. This view was challenged by Wagner 2000, which demonstrated (using 
genomics data in yeast) that interactions of unrelated genes rather than redundancy of paralogous 
genes are the key to canalization and robustness against developmental perturbations. 
Furthermore, Siegal and Bergman 2002 used a model to show that canalization might be an 
inevitable consequence of complex gene regulation networks. That is, the more complex a gene 
network (i.e., the more interactions it has), the more canalized it will be. However, the more 
recent work Rünneburger and Le Rouzic 2016 suggests that mutational parameters have greater 
influence than network size and complexity and that (reminiscent of the view of Wilkins 1997) 
redundancy in gene regulation is important for the evolution of genetic canalization. Importantly, 
Hornstein and Shomron 2006 integrates microRNAs (miRNAs) into the canalization framework 
and adds to our understanding of the complexity that promotes canalization. By focusing on 
ultimate, rather than proximate, causes of canalization, Masel, et al. 2007 shows how non-
selective processes can lead to the loss of plasticity. Finally, another important aspect of 
canalization not yet mentioned is that it can promote the accumulation of cryptic genetic 
variation that can be exposed when environmental conditions change. The authors of Rutherford 
and Lindquist 1998 first showed this to be the case when they found that heat-shock protein 90 
(Hsp90) acts as a buffer against phenotypic perturbation and that this buffering not only is a 
mechanism of canalization but also allows accumulation of cryptic genetic variation. 
 Hornstein, E., and N. Shomron. 2006. Canalization of development by microRNAs. 
Nature Genetics 38:S20-S24. [doi:10.1038/ng1803]. This article provides a framework that 
integrates microRNAs (miRNAs) into current thinking on canalization of development. The 




 Masel, J., O. D. King, and H. Maughan. 2007. The loss of adaptive plasticity during long 
periods of environmental stasis. The American Naturalist 169:38-46. [doi:10.1086/510212]. 
Using a mathematical model, the authors show how the loss of plasticity (i.e., canalization) can 
occur through non-selective processes, such as mutational degradation and random genetic drift. 
 Rünneburger, E., and A. Le Rouzic. 2016. Why and how genetic canalization evolves in 
gene regulatory networks. BMC Evolutionary Biology 16:239. [doi:10.1186/s12862-016-0801-
2]. Using quantitative genetic models, these authors show that mutational parameters are more 
important than network topology for the evolution of genetic canalization. Furthermore, they 
propose a mechanism of canalization that involves shrinkage of mutational targets and 
redundancy in gene regulation. 
 Rutherford, S. L., and S. Lindquist. 1998. Hsp90 as a capacitor for morphological 
evolution. Nature 396:336-342. [doi:10.1038/24550]. Rutherford and Lindquist experimentally 
demonstrate that heat-shock protein 90 (Hsp90) acts as a buffer against phenotypic perturbation. 
The buffering ability of Hsp90 not only serves as mechanism of canalization, but also provides a 
means for the accumulation of cryptic genetic variation. 
 Siegal, M. L., and A. Bergman. 2002. Waddington’s canalization revisited: 
Developmental stability and evolution. Proceedings of the National Academy of Sciences 
99:10528-10532. [doi:10.1073/pnas.102303999]. Siegal and Bergman demonstrate that selection 
toward an optimum phenotype is not necessary for canalization to evolve. Instead, they show 
(using a model) that canalization might be an inevitable consequence of complex networks of 
gene regulation. More highly connected networks evolve to be more canalized. 
 Wagner, A. 2000. Robustness against mutations in genetic networks of yeast. Nature 




demonstrated that interactions among unrelated genes, rather than redundancy of paralogous 
genes, is the major cause of canalization and robustness against mutations that affect 
development. 
 Wagner, G. P., G. Booth, and H. Bagheri-Chaichian. 1997. A population genetic theory 
of canalization. Evolution 51:329-347. [doi:10.2307/2411105]. Wagner and colleagues use 
various population genetic models of a quantitative trait under stabilizing selection to explore the 
conditions that favor environmental and genetic canalization. They highlight the importance of 
genetic variation and the strength and type of selection acting on a population. 
 Wilkins, A. S. 1997. Canalization: A molecular genetic perspective. BioEssays 19:257-
262. [doi:10.1002/bies.950190312]. This essay discusses the molecular genetic basis for 
stabilization of development against mutation effects (genetic canalization). Redundancy because 
of paralogous genes is emphasized as having an important role. Later works challenge this view. 
 
Plasticity-First Evolution 
 Plasticity-first evolution (PFE) is related to other ideas like *Behavioral Plasticity*, 
*Genetic Accommodation*, *Genetic Assimilation*, and *Novelty*. In essence, it posits that 
phenotypic plasticity may precede and facilitate further evolutionary change, in particular, 
adaptation. Moczek 2007 and Paaby and Rockman 2014 are good introductory reviews of the 
key terms and processes in PFE, and they should function to orient readers for other works in this 
section. A major point of contention surrounding PFE is whether or not the evidence is strong 
enough to conclude that it is a major contributor to evolutionary change. Two works included 
here are reviews of how PFE works that also discuss potential cases of PFE from natural 




similar function, but goes further to present specific predictions and methods that can be used to 
test this process in natural populations. Badyaev 2005 and Ghalambor, et al. 2007 provide 
additional insights on how plasticity can contribute to evolutionary changes that are related to 
PFE, but not explicitly discussed in the context of PFE. In these reviews, Badyaev argues for the 
importance of stress in revealing variation on which selection can act, and Ghalambor and 
colleagues discuss the evolutionary potential of adaptive and non-adaptive plasticity in 
promoting adaptation to novel environments. Both of these insights can inform under what 
conditions we might expect to see PFE. Finally, Badyaev 2009 provides relatively 
comprehensive empirical support for PFE (using terminology of the Baldwin effect) in house 
finches adapting to North America. 
 Badyaev, A. V. 2005. Stress-induced variation in evolution: From behavioural plasticity 
to genetic assimilation. Proceedings of the Royal Society B 272:877-886. 
[doi:10.1098/rspb.2004.3045]. Badyaev convincingly argues for the importance of stress and 
stress-induced variation in evolution. In this review, examples of stress-induced genotypic and 
phenotypic patterns are discussed. The effect of stress on homeostasis is also important. 
 Badyaev, A. V. 2009. Evolutionary significance of phenotypic accommodation in novel 
environments: An empirical test of the Baldwin effect. Transactions of the Royal Society B 
364:1125-1141. [doi:10.1098/rstb.2008.0285]. Here, Badyaev provides a review of his research 
program on house finches (Carpodacus mexicanus) within the framework of the Baldwin effect. 
In doing so, he puts forth four general observations that, if found, would support evolution via 
plasticity-first evolution and genetic accommodation. 
 Ghalambor, C. K., J. K. McKay, S. P. Carroll, and D. N. Reznick. 2007. Adaptive versus 




environments. Functional Ecology 21:394-407. [doi:10.1111/j.1365-2435.2007.01283.x]. This 
influential review thoroughly and clearly discusses evolutionary outcomes of plasticity. In 
particular, the outcomes of perfect and imperfect adaptive plasticity and non-adaptive and 
“random” plasticity are described and discussed. This review is also among those that champion 
comparisons of ancestral versus derived lineages for determining the adaptive value of plasticity 
and its evolution. 
 Levis, N. A., and D. W. Pfennig. 2016. Evaluating “plasticity-first” evolution in nature: 
Key criteria and empirical approaches. Trends in Ecology and Evolution 31:563-574. 
[doi:10.1016/j.tree.2016.03.012]. This article serves as a “how-to” guide for testing predictions 
consistent with plasticity-first evolution. It acts as an introduction for those unfamiliar with the 
plasticity-first hypothesis and provides a roadmap for evaluating it in various systems. Explicit 
predictions, experimental designs, and examples are discussed. 
 Moczek, A. P. 2007. Developmental capacitance, genetic accommodation, and adaptive 
evolution. Evolution and Development 9:299-305. [doi:10.1111/j.1525-142X.2007.00162.x]. 
This review provides a good introduction to plasticity-first evolution and describes the key 
components necessary for showing this process in nature. Throughout, the review emphasizes a 
shift in focus away from strictly genes and mutations to a more in-depth understanding of 
developmental processes and how they influence evolution. 
 Paaby, A. B., and M. V. Rockman. 2014. Cryptic genetic variation: Evolution’s hidden 
substrate. Nature Reviews Genetics 15:247-258. [doi:10.1038/nrg3688]. While not the first 
discussion of cryptic genetic variation, this review summarizes and synthesizes the concept and 




 Price, T. D., A. Qvarnström, and D. E. Irwin. 2003. The role of phenotypic plasticity in 
driving genetic evolution. Proceedings of the Royal Society B 270:1433-1440. 
[doi:10.1098/rspb.2003.2372]. Price and colleagues emphasize a simple additive genetic model 
for describing the process of an environmentally induced phenotype evolving to be constitutively 
expressed in the absence of the inducing stimulus (i.e., plasticity-first evolution or genetic 
assimilation). In addition, they argue that moderate levels of adaptive plasticity are necessary for 
evolution in novel environments. Two case studies using birds are presented in this context. 
 Schwander, T., and O. Leimar. 2011. Genes as leaders and followers in evolution. Trends 
in Ecology and Evolution 26:143-151. [doi:10.1016/j.tree.2010.12.010]. This analysis finds 
relatively equal support for cases where genes act as leaders and cases where genes act as 
followers in evolution, thus suggesting the interchangeability of genetic and environmental 
inputs during development. However, the evolution of particular types of traits may be more 
likely to proceed via one path than the other. The examples are restricted to alternative 
polyphenisms/polymorphisms and are supported by phylogenetic inference. 
 
Macroevolutionary Consequences of Plasticity 
 The macroevolutionary consequences of plasticity are potentially the most significant but 
are also the most controversial. By simply allowing species to persist in a new or altered 
environment, phenotypic plasticity promotes subsequent evolution and diversification. It can also 
influence what phenotypes are produced during adaptive radiations. Additionally, when a species 
enters a new environment, the developmental reorganization that happens via phenotypic 





Speciation and Diversification 
 The role of plasticity in diversification is among the most controversial (perhaps second 
only to novelty) among evolutionary biologists. West-Eberhard 1989 and West-Eberhard 2005 
provide extensive evidence and discussion of how plasticity can influence diversification. Her 
works in this section offer abridged versions of the cases she makes in West-Eberhard 2003 (see 
*Books* and *Genetic Accommodation*). Most later works offer pithier and/or clearer 
explanations of her general ideas. For instance, Pfennig, et al. 2010 hits on many of the same 
topics as the works by West-Eberhard, but is much easier to digest and should be read first in this 
section. To lend support to the arguments of West-Eberhard and Pfennig and colleagues, the 
simulation study Thibert-Plante and Hendry 2011 confirmed that plasticity needs to be 
considered when investigating ecological speciation and reproductive isolation. Furthermore, 
Susoy, et al. 2015 found that the appearance of a resource use polyphenism coincided with 
increased evolutionary rates in nematodes. Finally, Wund, et al. 2008 provided the first explicit 
test of the “flexible stem” model proposed by West-Eberhard and found evidence that plasticity 
might precede and bias subsequent divergence of species. Along these lines, the review 
Schneider and Meyer 2017 discusses the molecular mechanisms that might underlie such 
plasticity-mediated adaptive radiations. As noted at the beginning of this entry, plasticity’s role 
in diversification has remained controversial. The chapter Futuyma 2015 provides an antithetical 
view to the others in this section. While it does not deny that plasticity could be important for 
evolutionary diversification, it does suggest that our understanding is not revolutionary and that 
an extended evolutionary synthesis is unwarranted. Pigliucci and Murren 2003 is somewhat light 




ideas and processes to phenotypic plasticity and genetic assimilation. Furthermore, it also helped 
provide a framework for later discussions of plasticity’s role in evolution and diversification. 
 Futuyma, D. J. 2015. Can modern evolutionary theory explain macroevolution? In 
Macroevolution: Explanation, interpretation, and evidence. Edited by E. Serrelli and N. Gontier, 
29-85. New York: Springer. [ISBN: 9783319150444]. This book chapter discusses a number of 
contemporary developments that led some researchers to call for an extended evolutionary 
synthesis and describes how these developments already fit within the framework of the Modern 
Synthesis. This work is important in that it provides a contrary viewpoint to other discussions of 
plasticity’s role in diversification and speciation. 
 Pfennig, D. W., M. A. Wund, E. C. Snell-Rood, T. Cruickshank, C. D. Schlichting, and 
A. P. Moczek. 2010. Phenotypic plasticity’s impacts on diversification and speciation. Trends in 
Ecology and Evolution 25:459-467. [doi:10.1016/j.tree.2010.05.006]. This pithy review should 
be the first stop for anyone interested in plasticity’s role in diversification. It accessibly provides 
an overview of plasticity’s impacts on novelty, divergence among populations and species, 
formation of new species, and adaptive radiation. 
 Pigliucci, M., and C. J. Murren. 2003. Genetic assimilation and a possible evolutionary 
paradox: Can macroevolution sometimes be so fast as to pass us by? Evolution 57:1455-1464. 
[doi:10.1111/j.0014-3820.2003.tb00354.x]. Perhaps the most useful aspect of this “early” review 
of genetic assimilation is the concept map presented in Figure 2. This map can help anyone 
studying phenotypic plasticity to develop connections among topics and design experiments. The 
review also traces the history of genetic assimilation. Unfortunately, its explicit treatment of 
macroevolution could be a bit more thorough. Nevertheless, it provides a framework that, at the 




 Schneider, R. F., and A. Meyer. 2017. How plasticity, genetic assimilation and cryptic 
genetic variation may contribute to adaptive radiations. Molecular Ecology 26: 330-350. 
[doi:10.1111/mec.13880]. This review explores the molecular mechanisms that might lead to 
canalization of an initially plastic trait in the context of adaptive radiations. The authors use the 
flexible stem framework developed in West-Eberhard 2003. It is important because most other 
works focus on phenotypic patterns and the underlying mechanisms remain poorly understood. 
 Susoy, V., E. J. Ragsdale, N. Kanzaki, and R. J. Sommer. 2015. Rapid diversification 
associated with a macroevolutionary pulse of developmental plasticity. eLife. 
[doi:10.77554/eLife.05463]. This study utilized a comparative analysis of morphology in a group 
of ninety nematode species. They found that the appearance of a resource acquisition 
polyphenism coincided with increased complexity and evolutionary rates and that these rates 
were even higher following genetic assimilation (i.e., loss of plasticity) of a single phenotype. 
 Thibert-Plante, X., and A. P. Hendry. 2011. The consequences of phenotypic plasticity 
for ecological speciation. Journal of Evolutionary Biology 24:326-342. [doi:10.1111/j.1420-
9101.2010.02169.x]. Thibert-Plante and Hendry use a simulation study to evaluate plasticity’s 
effects on ecological speciation. A number of relevant outcomes were observed (such as the 
timing of plasticity relative to dispersal) that suggest plasticity can have an important influence 
during ecological speciation and should be considered when investigating the evolution of 
reproductive isolation. 
 West-Eberhard, M. J. 1989. Phenotypic plasticity and the origins of diversity. Annual 
Review of Ecology and Systematics 20:249-278. This review established the theme of subsequent 
works by West-Eberhard. It is particularly useful for those interested in how phenotypic and 




contribute to diversity. It covers a wide variety of topics that fall under the umbrella of 
“diversity” and may be preferred over West-Eberhard 2003, a nearly 800-page book that covers 
similar topics. 
 West-Eberhard, M. J. 2005. Developmental plasticity and the origin of species 
differences. Proceedings of the National Academy of Sciences 102:6543-6549. 
[doi:10.1073/pnas.0501844102]. In this work, which is an extension of West-Eberhard 1989 and 
an abridged version of key points from West-Eberhard 2003 (*Books*), West-Eberhard argues 
that species differences and novel phenotypes arise through reorganization of ancestral 
phenotypes followed by genetic accommodation. This work hammers in the point that 
environmentally induced variants might have greater evolutionary potential than mutationally 
derived novelties, and that genes may often be followers, rather than leaders, in evolution. 
 Wund, M. A., J. A. Baker, B. Clancy, J. L. Golub, and S. A. Foster. 2008. A test of the 
“flexible stem” model of evolution: Ancestral plasticity, genetic accommodation, and 
morphological divergence in the threespine stickleback radiation. The American Naturalist 
172:449-462. [doi:10.1086/590966]. This empirical study was the first explicit test of the 
“flexible stem” model presented by West-Eberhard. Wund and colleagues showed that when 
individuals from an “ancestral” population were exposed to “derived” conditions, they developed 
phenotypes in the direction of those possessed by “derived” individuals. Thus, ancestral 







 Generating novelty is one of the most important (and controversial) consequences of 
phenotypic plasticity. Even defining novelty is difficult; a number of reviews have been written 
on this topic alone. Therefore, the first works that should be read in this section are 
Hallgrimsson, et al. 2012; Sterelny 2009; and Pigliucci 2006, because they all provide definitions 
of novelty, but from different perspectives. Hallgrímsson and colleagues focus on overcoming 
developmental constraints as a condition of novelty; Sterelny discusses how niche construction 
can limit the variation available to selection; and Pigliuicci discusses three frameworks for 
investigating novelty. One of the frameworks he suggests is *Genetic Accommodation*. 
Moczek, et al. 2011 develops this framework further and includes discussion of its mechanistic 
details. Uncovering of cryptic genetic variation is an important part of the framework developed 
in Moczek, et al. 2011. Palmer 2012 goes into a bit more detail on this particular aspect and 
gives an interesting history of “use” and “disuse.” Despite the attention these works pay to 
genetic accommodation, the creator of the term, West-Eberhard (see *Genetic 
Accommodation*), viewed it as a downstream step in the process of adaptive evolution. Prior to 
genetic accommodation, West-Eberhard 2005 attributed the origins of novel phenotypes to 
phenotypic accommodation. Gilbert and Epel 2015 is an accessible resource whose content often 
relates to the evolution of novelty and is useful for identifying diverse examples. Finally, an 
experiment from Standen, et al. 2014 suggests a possible role for phenotypic plasticity in the 
transition of tetrapods from aquatic to terrestrial habitat, and Allf, et al. 2016 is among the few 





 Allf, B. C., P. A. P. Durst, D. W. Pfennig. 2016. Behavioral plasticity and the origins of 
novelty: The evolution of the rattlesnake rattle. The American Naturalist 188:475-483. 
[doi:10.1086/688017]. This empirical work is among the few that have explicitly tested the 
hypothesis that behavioral plasticity may precede the evolution of morphological traits. In this 
case, defensive tail vibration behavior (a widespread type of behavioral plasticity in snakes) 
appears to have preceded the evolution of the rattlesnake rattle. Other examples of this type of 
evolution can be found in the *Behavioral Plasticity* section (see Wyles, et al. 1983 and Wcislo 
1989 in particular). 
 Gilbert, S. F., and D. Epel. 2015. Ecological developmental biology. 2d ed. Sunderland, 
MA: Sinauer Associates. [ISBN: 9781605353449]. While indirect, many of the topics in this 
book are relevant to the role of plasticity in the evolution of novelty. It is especially useful 
because of its accessibility and extensive use of examples. 
 Hallgrímsson, B., H. A. Jamniczky, N. M. Young, C. Rolian, U. Schmidt-Ott, and R. S. 
Marcucio RS. 2012. The generation of variation and the developmental basis for evolutionary 
novelty. Journal of Experimental Zoology B 318:501-517. [doi:10.1002/jez.b.22448]. This 
review takes a developmental approach to defining novelty. Specifically, Hallgrímsson and 
colleagues propose that for a trait to be novel it must have evolved by a transition between 
adaptive peaks and that this transition must have overcome a previous developmental constraint. 
While this paper does not explicitly deal with plasticity, it is a good resource for discussions of 
novelty and includes a number of other relevant references. 
 Moczek, A. P., S. Sultan, S. Foster, et al. 2011. The role of developmental plasticity in 
evolutionary innovation. Proceedings of the Royal Society B 278:2705-2713. 




the phenotypic/genetic accommodation framework developed by West-Eberhard to explore how 
evolutionary novelties may arise. Importantly, mechanistic details are discussed and empirical 
evidence of this framework is presented. 
 Palmer, A. R. 2012. Developmental plasticity and the origin of novel forms: Unveiling 
cryptic genetic variation via “use and disuse.” Journal of Experimental Zoology B 318:466-479. 
[doi:10.1002/jez.b.21447]. Palmer describes a simple model that illustrates how cryptic genetic 
variation may be exposed to selection via developmentally plastic responses that affect 
performance because of “use” and “disuse.” Learning and performance are discussed throughout. 
Starting with Lamarck, this work provides an interesting history of “use” and “disuse” and 
plasticity. 
 Pigliucci, M. 2006. What, if anything, is an evolutionary novelty? Philosophy of Science 
75:887-898. [doi:10.1086/594532]. This review is one of many that could have been chosen that 
highlights the difficulty with defining “novelty.” Pigliucci discusses some of the attempts others 
have made at doing so, describes why the Modern Synthesis is ill-equipped for studying the 
origin of novelties, and presents three frameworks (complexity theory, genetic accommodation, 
and epigenetic inheritance) that potentially allow greater insight on the origin and evolution of 
novelties than the Modern Synthesis. 
 Standen, E. M., T. Y. Du, and H. C. E. Larsson. 2014. Developmental plasticity and the 
origin of tetrapods. Nature 513:54-58. [doi:10.1038/nature13708]. This intriguing study suggests 
a role for plasticity in a major evolutionary transition. Standen and colleagues suggest that 
plasticity in type of locomotion (i.e., terrestrial or aquatic) may have contributed to the 
colonization of land by early tetrapods. While the scope of this study is significant, an important 




 Sterelny, K. 2009. Novelty, plasticity, and niche construction: The influence of 
phenotypic variation on evolution. In Mapping the future of biology. Edited by A. Barberousse, 
M. Morange, and T. Pradeu, 93-109. New York: Springer. [ISBN: 9781402096358]. An 
important aspect of this book review is that it incorporates niche construction with plasticity to 
give an explanation of how evolutionary novelties arise. Of particular interest, Sterelny discusses 
how niche construction can effectively limit the extent of environments experienced by a plastic 
organism and the importance of this limitation on the supply of variation presented to selection. 
 West-Eberhard, M. J. 2005. Phenotypic accommodation: Adaptive innovation due to 
developmental plasticity. Journal of Experimental Zoology B 304B:610-618. 
[doi:10.1002/jez.b.21071]. While many of West-Eberhard’s works in this bibliography entry 
have similar themes, the focus of this review is on developmental reorganization in response to 
some stimulus (environmental or mutational). This reorganization, termed phenotypic 
accommodation, is a particularly useful framework for thinking about how novelties arise. Here, 
this framework is explored as an abridged version compared to that in West-Eberhard 2003 
(cited under *Books*). 
 
Ecological and Community-level Effects 
 While the evolutionary significance of phenotypic plasticity may be a bit contentious, its 
ecological importance is well-documented. Indeed, at its core, plasticity is a phenomenon 
dependent on ecological conditions. Most of the literature on ecological and community 
implications of plasticity focus on plants—likely because they are easier to make into 
experimental communities than animals. Miner, et al. 2005 should be the first piece read in this 




processes. Three other reviews focus on a trait-based approach to exploring how plasticity affects 
species interactions (Callaway, et al. 2003; Werner and Peacor 2003; Berg and Ellers 2010). A 
major takeaway from these reviews is that essentially all ecological interactions and processes 
can be significantly affected by phenotypic plasticity. Valladares, et al. 2007 discusses how trait-
mediated interactions can have costs (or limits) that restrict further community interactions and 
which internal and ecological factors might limit the extent of phenotypic plasticity in plants. 
Agrawal 2001 and Turcotte and Levine 2016 look at species interactions and coexistence more 
broadly than the aforementioned works, but the general conclusion remains: plasticity can play 
an important role in shaping the outcome of species interactions. Finally, Hendry 2016 provides 
a summary of our knowledge of plasticity’s role in ecology and evolution. Importantly, this work 
highlights a number of areas where our understanding is currently insufficient and it is useful for 
determining future research directions for graduate students and professionals. 
 Agrawal, A. A. 2001. Phenotypic plasticity in the interactions and evolution of species. 
Science 294:321-326. [doi:10.1126/science.1060701]. This review primarily deals with 
reciprocal phenotypic change of interacting organisms. Table 1 is particularly useful as it 
describes a number of phenotypic responses that diverse organisms exhibit in response to 
different types of ecological interactions. It also touches on plasticity’s role in helping organisms 
colonize novel environments. 
 Berg, M. P., and J. Ellers. 2010. Trait plasticity in species interactions: A driving force in 
community dynamics. Evolutionary Ecology 24:617-629. [doi:10.1007/s10682-009-9347-8]. 
Berg and Ellers provide two predictions: 1) plasticity in resource requirement induced by 
availability of resources enlarges the fundamental niche of species and causes reduction of 




expansion of the realized niche, causing a reduction in the possibility for coexistence with other 
species. They also give a review of other facets related to plasticity’s impacts on evolution and 
community ecology. 
 Callaway, R. M., S. C. Pennings, and C. L. Richards. 2003. Phenotypic plasticity and 
interactions among plants. Ecology 84:1115-1128. [doi:10.1890/0012-
9658(2003)084[1115:PPAIAP]2.0.CO;2]. Similar to the reviews Berg and Ellers 2010 and 
Werner and Peacor 2003, this article explores a trait-based approach to understanding ecological 
interactions. Specifically, the authors discuss how plastic responses to variation in abiotic 
environments, variation in the presence and identity of neighbors, and variation in herbivory can 
affect plant interactions. In some cases, interactions are affected in ways that one might not 
predict. 
 Hendry, A. P. 2016. Key questions on the role of phenotypic plasticity in eco-
evolutionary dynamics. Journal of Heredity 107:25-41. [doi:10.1093/jhered/esv060]. This review 
describes eight questions that are central to phenotypic plasticity’s role in ecology and evolution 
and discusses the empirical support—largely from natural populations—for each. Almost 
invariably, the answer to each question is, “it depends.” Nevertheless, this is a great resource that 
highlights gaps in knowledge and where further data needs to be collected. 
 Miner, B. G., S. E. Sultan, S. G. Morgan, D. K. Padilla, and R. A. Relyea. 2005. 
Ecological consequences of phenotypic plasticity. Trends in Ecology and Evolution 20:685-692. 
[doi:10.1016/j.tree.2005.08.002]. This should be the first-read of the papers in this section. As 
the title suggests, this review article focuses on plasticity’s ability to influence ecological 
interactions and processes and is accessible to advanced undergraduates and above. A strength is 




 Turcotte, M. M., and J. M. Levine. 2016. Phenotypic plasticity and species coexistence. 
Trends in Ecology and Evolution 31:803-813. [doi:10.1016/j.tree.2016.07.013]. Turcotte and 
Levine emphasize the importance of measuring fitness and niche differences when two species 
compete and note that plasticity that reduces interspecific competition should generally promote 
coexistence. 
 Valladares, F., E. Gianoli, and J. M. Gómez. 2007. Ecological limits to plant phenotypic 
plasticity. New Phytologist 176:749-763. [doi:10.1111/j.1469-8137.2007.02275.x]. This paper 
explores the internal and ecological factors that can limit the extent of plant phenotypic plasticity 
in the wild. Particular attention is paid to the effects of herbivory and how trait-mediated 
interactions can entail costs that limit further interactions in the community. 
 Werner, E. E., and S. D. Peacor. 2003. A review of trait-mediated indirect interactions in 
ecological communities. Ecology 84:1083-1100. [doi:10.1890/0012-
9658(2003)084[1083:AROTII]2.0.CO;2]. Werner and Peacor provide a review of trait-mediated 
indirect interactions (TMIIs) that emphasizes the role of plasticity (via phenotypic modifications) 
in community dynamics. They find that the effects of TMIIs are often as strong as or stronger 




 An oft-cited critique against plasticity playing a role in evolution is the widespread 
assertion that environmentally induced phenotypic changes cannot be inherited. However, certain 
forms of environmentally induced phenotypic change (plasticity) can be transmitted from one 




experienced by a parent influences the phenotype expressed by its offspring. Often, 
transgenerational plasticity is discussed within the context of maternal effects. Therefore, a 
number of works in this section deal with maternal effects explicitly. Mousseau and Fox 1998 
thoroughly covers the topic and should be the first work read in this section. Next, Wolf and 
Wade 2009 provides a useful review that tries to delineate which phenomena are true maternal 
effects. Uller 2008 discusses the evolutionary outcomes of parental effects when there is parent-
offspring conflict. Its major contribution might be Box 4, which provides useful direction for 
future research in this field. Stepping out of the maternal (or parental) effect language, Agrawal, 
et al. 1999 provides the first clear example of transgenerational phenotypic induction. The 
authors of Galloway and Etterson 2007 go a step further than most other researchers and show 
that that transgenerational plasticity actually confers a fitness advantage—especially in the wild. 
While maternal effects and transgenerational plasticity are both becoming well-documented, 
their molecular underpinnings are still being unraveled. Jablonka and Lamb 2005 gives a good 
overview of transgenerational epigenetic inheritance and its significance in evolutionary biology. 
The review paper Heard and Martienssen 2014 is perhaps more accessible than Jablonka and 
Lamb’s book, but it focuses more on the mechanisms of epigenetic inheritance than on their 
evolutionary implications. Finally, the extensive review Meaney 2001 takes a different direction 
than other works in this section and explores the transgenerational benefits of parental care. 
 Agrawal, A. A., C. Laforsch, and R. Tollrian. 1999. Transgenerational induction of 
defences in animals and plants. Nature 401:60-63. [doi:10.1038/43425]. This work documented 
the well-known example of transgenerational inheritance of inducible helmets in Daphnia as 




raphanistrum. Subsequently, Daphnia have become a common animal model for studying 
transgenerational plasticity. 
 Galloway, L. F., and J. R. Etterson. 2007. Transgenerational plasticity is adaptive in the 
wild. Science 318:1134-1136. [doi:10.1126/science.1148766]. Galloway and Etterson 
determined that the herb Campanulastrum americanum—whose life history strategy is 
influenced by its maternal light environment—has 3.4 times higher fitness when grown in the 
same light environment as its mother than when grown otherwise. They suggest that 
transgenerational plasticity might be particularly important for sedentary organisms in the wild. 
 Heard, E., and R. A. Martienssen. 2014. Transgenerational epigenetic inheritance: Myths 
and mechanisms. Cell 157:95-109. [doi:10.1016/j.cell.2014.02.045]. This review should be the 
starting point for anyone interested in the mechanistic bases of transgenerational plasticity. 
Heard and Martienssen are comprehensive in their coverage of transgenerational epigenetic 
mechanisms. 
 Jablonka, E., and M. J. Lamb. 2005. Epigenetic inheritance and evolution: The 
Lamarckian dimension. Oxford: Oxford Univ. Press. [ISBN: 9780198540632]. Jablonka and 
Lamb, champions of transgenerational epigenetic inheritance, explore the evolutionary 
implications of this hereditary system. While plasticity is not central a theme in this particular 
work, it does show up in later works by these authors (not cited here) that should definitely be 
read as well. 
 Meaney, M. J. 2001. Maternal care, gene expression, and the transmission of individual 
differences in stress reactivity across generations. Annual Review of Neuroscience 24:1161-1192. 
[doi:10.1146/annurev.neuro.24.1.1161]. As the title suggests, this lengthy review explores the 




of offspring. This topic is covered at various levels ranging from the hormonal/physiological to 
behavioral. The review focuses on mammal models, but the concepts could be applied to other 
systems. 
 Mousseau, T. A., and C. W. Fox, eds. 1998. Maternal effects as adaptations. Oxford: 
Oxford Univ. Press. [ISBN: 9780195111637]. This book should be the first source read in this 
section. It is the first synthesis of this field and remains relevant for anyone studying maternal 
effects. A variety of topics ranging from evolutionary implications to detecting maternal effects 
are covered. In addition, various examples and four detailed case studies are included. 
 Uller, T. 2008. Developmental plasticity and the evolution of parental effects. Trends in 
Ecology and Evolution 23:432-438. [doi:10.1016/j.tree.2008.04.005]. This review focuses on the 
evolutionary outcomes of parental effects under cases of weak and strong parent-offspring 
conflict. Although potentially dated as of the publication of this bibliography, Box 4 should be 
particularly useful for researchers interested in going forward in this field. 
 Wolf, J. B., and M. J. Wade. 2009. What are maternal effects (and what are they not)? 
Proceedings of the Royal Society B 364:1107-1115. [doi:10.1098/rstb.2008.0238]. These authors 
define maternal effects as the causal influence of the maternal genotype or phenotype on the 
offspring phenotype. This definition differs from others because it treats maternal effects as a 
phenomenon, not a statistical construct. The authors argue why maternal cytoplasmic inheritance 
and genomic imprinting are not true maternal effects. 
 
Behavioral Plasticity 
 Behavior is sometimes considered independently of other forms of plasticity because it is 




behavior and some of the terminology, Sih, et al. 2004 is a must-read. Similarly Dingemanse, et 
al. 2010 should be read early because it places behavioral plasticity into a reaction norm 
framework and seeks to unify those studying behavioral plasticity and animal personality. Then, 
focusing more explicitly on behavioral plasticity, Snell-Rood 2013 provides an excellent 
overview of how it can affect and be affected by evolution. Of course, understanding the 
mechanisms that lead to certain behaviors is important for understanding their evolution. 
Therefore, Duckworth 2009 explores the mechanistic bases of behaviors and how they can 
impede or promote evolutionary change. Renn and Schumer 2013 also focuses on the evolution 
of mechanisms underlying behaviors, but pays particular attention to patterns of gene expression 
undergoing *Genetic Accommodation*. Relatedly, a concept that has long been relevant for 
evolutionary biologists is the possibility that behavioral change may precede and facilitate 
morphological evolution. Wyles, et al. 1983 and Wcislo 1989 both provide compelling 
arguments for this line of thinking, and Allf, et al. 2016 (cited under *Novelty*) provides 
empirical support in the case of the rattlesnake rattle. For a cautionary note, see Huey, et al. 
2003. Many of these ideas stem from the Baldwin effect (see *Genetic Accommodation*) and 
are related to *Plasticity-First Evolution*. 
 Dingemanse, N. J., A. J. N. Kazem, D. Réale, and J. Wright. 2010. Behavioural reaction 
norms: Animal personality meets individual plasticity. Trends in Ecology and Evolution 25:81-
89. [doi:10.10116/j.tree.2009.07.013]. Dingemanse and colleagues place commonly studied 
aspects of animal behavior (i.e., personality and plasticity) into a reaction norm framework, 
thereby making their study more analogous to studies of phenotypic plasticity on other 
components of an organism’s phenotype. Importantly, this approach allows personality and 




 Duckworth, R. A. 2009. The role of behavior in evolution: A search for mechanism. 
Evolutionary Ecology 23:513-531. [doi:10.1007/s10682-008-9252-6]. Duckworth delves into the 
mechanisms underlying behavioral shifts and links within-individual changes to population-level 
processes in order to explore whether behavior drives or impedes evolutionary change. As 
expected, emphasis is placed on understanding the developmental mechanisms of behavior. A 
framework is provided to facilitate asking how and under what conditions do behaviors affect 
evolutionary processes. 
 Huey, R. B., P. E. Hertz, and B. Sinervo. 2003. Behavioral drive versus behavioral inertia 
in evolution: A null model approach. The American Naturalist 161:357-366. 
[doi:10.1086/346135]. The authors caution that it is inappropriate to ask, “Does behavior drive or 
inhibit evolutionary change in other traits?” By focusing on thermoregulatory behavior and 
thermal physiology of lizards, the authors suggest that behavior can buffer evolution for one trait 
while simultaneously driving the evolution of others. 
 Renn, S. C. P., and M. E. Schumer. 2013. Genetic accommodation and behavioural 
evolution: Insights from genomic studies. In Special Issue: Behavioural plasticity and evolution. 
Edited by S. A. Foster and A. Sih. Animal Behaviour 85:1012-1022. 
[doi:10.1016/j.anbehav.2013.02.012]. This important work by Renn and Schumer links the 
processes of genetic accommodation and assimilation to patterns of gene expression. This review 
not only provides examples of how patterns of gene expression can be united with behavioral 
plasticity, but also outlines ideal characteristics of a study system and describes some of the tools 
available to implement this approach. Thus, it almost serves as a “how-to” guide to studying 




 Sih, A., A. Bell, and J. C. Johnson. 2004. Behavioral syndromes: An ecological and 
evolutionary overview. Trends in Ecology and Evolution 19:372-378. 
[doi:10.1016/j.tree.2004.04.009]. Behavioral syndromes occur when the rank-order of a 
particular behavior among individuals is maintained across environments, and they can limit 
behavioral plasticity, explain non-optimal behavior, and help to maintain individual variation in 
behavior. These behavior effects can have dramatic ecological and evolutionary consequences. 
This review is somewhat broader than others in this section, but certainly relevant and important 
for anyone interested in behavioral plasticity. 
 Snell-Rood, E. C. 2013. An overview of the evolutionary causes and consequences of 
behavioral plasticity. In Special Issue: Behavioural plasticity and evolution. Edited by S. A. 
Foster and A. Sih. Animal Behaviour 85:1004-1011. [doi:10.1016/j.anbehav.2012.12.031]. This 
overview, which is part of the same special issue on behavioral plasticity and evolution as Renn 
and Schumer 2013. It should be the first-read piece for those new to the field because it discusses 
major types of behavioral plasticity, their consequences in novel environments, and promising 
avenues of future research. These topics are potentially relevant to all studies of behavior and its 
evolution. 
 Wcislo, W. T. 1989. Behavioral environments and evolutionary change. Annual Review 
of Ecology and Systematics 20:137-169. This seminal review by Wcislo is a must-read that 
emphasizes how behavioral changes (in the form of plasticity) may often precede morphological 
change. A historical overview, behavior’s role in evolution, explorations at multiple levels of 
biological organization, and a short suggestion on hypothesis testing are discussed. 
 Wyles, J. S., J. G. Kunkel, and A. C. Wilson. 1983. Birds, behavior, and anatomical 




introduces “behavioral drive,” which posits that anatomic evolution relies on behavioral 
acquirement of a new skill that leads to novel environmental exploitation and subsequent social 
transmission of the skill throughout the population. This new skill then alters selection pressures 
such that it can become adaptive via traditional natural selection. This process is essentially the 
Baldwin effect (see *Genetic Accommodation*), but more emphatically suggests that the 
behavior arises before any meaningful environmental change. 
 
Learning as Plasticity 
 Through learning, an organism can adjust its behavior to better suit future conditions. 
Such behavioral adjustments certainly count as phenotypic plasticity. Spalding 1873 provides 
one of the earliest discussions of behaviors being learned (plastic) versus instinctual (canalized). 
Osborn 1896 highlights the possibility that most adaptations may arise as a result of new 
behaviors or environments. This entire tradition of learning as plasticity is largely derived from 
Baldwin and the Baldwin effect (see *Genetic Accommodation*). Fast-forwarding nearly one 
hundred years, Hinton and Nowlan 1987 showed that learning organisms are capable of evolving 
much faster than non-learning equivalents even if the traits are not transmitted to the genome. 
However, there is a trade-off between costs and benefits of learning (Mayley 1996) that can 
constrain or limit its utility. A decade later, Paenke, et al. 2007 provided a framework for 
studying how plasticity and learning affect evolution under directional selection, and found that 
the rate of evolution depends on the sign of the fitness gain gradient relative to that of selection. 
Computational biology has given a lot of attention to learning and the Baldwin effect. This body 
of literature may often go unnoticed by evolutionary biologists. Some introductory references are 




and does produce directed changes at the genotypic level and that over generations populations 
may transition from genetically based inheritance to learning based. Relatedly, Turney, et al. 
1996 gives an overview of a hundred years of studying the Baldwin effect and refers to various 
other sources in the computational literature that may useful for studying learning within the 
context of plasticity. This is definitely a key source for the computationally minded. 
 French, R., and A. Messinger. 1994. Genes, phenes, and the Baldwin effect: Learning and 
evolution in a simulated population. In Artificial life IV: Proceedings of the Fourth International 
Workshop on the Synthesis and Simulation of Living Systems. Edited by R. A. Brooks and P. 
Maes, 227-282. Cambridge, MA: MIT Press. [ISBN: 9780262521901]. Although from a 
potentially obscure source, this work demonstrates that learning-based plasticity at the 
phenotypic level can and does produce directed changes at the genotypic level. In addition, the 
degree of plasticity is crucial for the size of the Baldwin effect. Finally, over generations, 
learning should become easier for the population as a whole and the population may transition 
from being genetically driven to learning driven. 
 Hinton, G. E., and S. J. Nowlan. 1987. How learning can guide evolution. Complex 
Systems 1:495-502. This groundbreaking paper demonstrated that learning provides a good 
evolutionary path toward sets of coadapted alleles and that this effect allows learning organisms 
to evolve much faster than non-learning equivalents—even though traits acquired by the 
phenotype are not communicated to the genotype. 
 Mayley, G. 1996. Landscapes, learning costs, and genetic assimilation. Evolutionary 
Computation 4:213-234. [doi:10.1162/evco.1996.4.3.213]. This work describes the costs and 
benefits of learning and how there are trade-offs between the two. It also describes and 




distances between individuals. The relationship between costs and the degree of this correlation 
is explored. 
 Osborn, H. F. 1896. Ontogenic and phylogenic variation. Science 4:786-789. Osborn 
describes a process similar to the Baldwin effect (see *Genetic Accommodation*) in which most 
adaptations arise as a result of new behaviors or environments. Osborn highlights the importance 
of developmental plasticity (ontogenic variation/evolution) in allowing organisms to adapt to 
their environment. 
 Paenke, I., B. Sendhoff, and T. J. Kawecki. 2007. Influence of plasticity and learning on 
evolution under directional selection. The American Naturalist 170:E47-E58. 
[doi:10.1086/518952]. Paenke and colleagues provide a framework that utilizes a fitness gain 
gradient for studying the effects of plasticity on the rate of evolution under directional selection. 
They find that if the gain gradient has the same sign as the direction of selection, then increased 
plasticity will magnify the selective response. However, if the sign is opposite, the response to 
selection will be slower. 
 Spalding, D. A. 1873. Instinct, with original observations on young animals. MacMillan’s 
Magazine 27: 282-293. [doi:10.1016/S0950-5601(54)80075-X]. This is one of the earliest works 
that discusses some aspects of animal of behavior as learned and others as instinctual. It 
illustrates that just as some morphological features can become canalized (see *Genetic 
Assimilation* and *Canalization*), apparently some behaviors can be canalized as well. 
However, other behaviors may be more analogous to plastic responses and need to be learned. 
Note that the doi does not lead to the original publication but instead references the same article 




 Turney, P., D. Whitley, and R. W. Anderson. 1996. Evolution, learning, and instinct: 100 
years of the Baldwin effect. In Special issue: The Baldwin effect. Edited by P. Turney, D. 
Whitley, and R. W. Anderson. Evolutionary Computation 4: iv-viii. 
[doi:10.1162/evco.1996.4.3.iv]. This article is an introduction to a special issue of Evolutionary 
Computation. In addition to providing a historical perspective on the Baldwin effect, this article 
references other sources in that issue that could be useful. Furthermore, it highlights work using 
computational approaches to study learning, the Baldwin effect, and genetic assimilation that 
should appeal to biologists. 
 
Bet-hedging 
 Bet-hedging is sometimes viewed as an alternative strategy to phenotypic plasticity. Like 
plasticity, bet-hedging involves the production of multiple phenotypes from a single genotype. 
Unlike plasticity, however, the alternative phenotypes are produced stochastically rather than in 
direct response to an environmental cue. Despite this important distinction in how phenotypes 
are produced, the two concepts have similar evolutionary implications, and researchers interested 
in the consequences of plasticity would benefit from consulting the bet-hedging literature. 
Cooper and Kaplan 1982 and Kaplan and Cooper 1984 develop a framework for understanding 
and exploring the existence of random, adaptive phenotypic variation. While this framework 
itself has not really persisted, its general effort to explain random adaptive variation has 
continued. Philippi and Seger 1989 provides a straightforward introduction of the concept of bet-
hedging with reference to various common examples, but the review Childs, et al. 2010 should 
be read first because it has twenty more years of material to build upon. Kussell and Leibler 2005 




should be favored over environmental sensing (plasticity), and that two commonly described 
types of bet-hedging—conservative and diversified—represent a continuum rather than a 
dichotomy, respectively. The authors of Acar, et al. 2008 empirically tested ideas found in 
Kussell and Leibler 2005 and showed that stochastic switching is favored when it matches the 
rate of environmental change. Further empirical work by the authors of Beaumont, et al. 2009 
found that only one mutation was necessary and sufficient for phenotype switching, but prior 
mutations were needed in order to adjust the fitness landscape so that the final mutation could be 
effective. More recently, Scheiner 2014 has provided a different type of model to complement 
and, potentially contrast with, models in the other works mentioned in this section. 
 Acar, M., J. T. Mettetal, and A. van Oudenaarden. 2008. Stochastic switching as a 
survival strategy in fluctuating environments. Nature Genetics 40:471-475. 
[doi:10.1038/ng.110]. Acar and colleagues verified experimentally that production of alternate 
phenotypes is advantageous when the switching is matched with the rate of environmental 
change. Although this was shown in individual yeast cells, the general pattern is applicable in 
other, more complex, organisms. An important caveat is that their yeast strains switched 
stochastically rather than in direct response to an environmental cue. 
 Beaumont, H. J. E., J. Gallie, C. Kost, G. C. Ferguson, and P. B. Rainey. 2009. 
Experimental evolution of bet hedging. Nature 462:90-93. [doi: 10.1038/nature08504]. 
Beaumont and colleagues report de novo evolution of bet-hedging in experimental bacterial 
populations. One mutation was necessary and sufficient for rapid phenotype switching, but its 
evolution was contingent upon earlier mutations that altered the relative fitness effect of the final 
mutation. The authors suggest that risk-spreading strategies may have been among the earliest 




 Childs, D. Z., C. J. Metcalf, and M. Rees. 2010. Evolutionary bet-hedging in the real 
world: Empirical evidence and challenges revealed by plants. Proceedings of the Royal Society B 
22:3055-3064. [doi:10.1098/rspb.2010.0707]. This review is a useful starting point for those new 
to bet-hedging. It describes the essential theory, delves into the quintessential example of bet-
hedging (plant seeds), covers more complicated cases of bet-hedging, and describes a framework 
that accommodates these complicated examples. The focus is on plants, but the concepts are 
widely applicable. 
 Cooper, W. S., and R. H. Kaplan. 1982. Adaptive “coin-flipping”: A decision-theoretic 
examination of natural selection for random individual variation. Journal of Theoretical Biology 
94:135-151. [doi:10.1016/0022-5193(82)90336-8]. This is the foundational work for adaptive 
coin-flipping and bet-hedging that seeks to explain the existence of random, yet adaptive, 
phenotypic variation. Cooper and Kaplan argue that individuals are programmed to flip “coins” 
to decide on phenotypic outcomes and that it is the nature of the coin-flipping, rather than the 
traits themselves, that is inherited. 
 Kaplan, R. H., and W. S. Cooper. 1984. The evolution of developmental plasticity in 
reproductive characteristics: An application of the “adaptive coin-flipping” principle. The 
American Naturalist 123:393-410. Building on their earlier work (Cooper and Kaplan 1982), the 
authors apply their adaptive coin-flipping principle as a mechanism of maintaining 
intrapopulation variation to amphibian egg size. They go on to discuss the potential significance 
of a developmental coin-flip for ecological processes in general. 
 Kussell, E., and S. Leibler. 2005. Phenotypic diversity, population growth, and 
information in fluctuating environments. Science 309:2075-2078. 




stochastic phenotype switching (e.g., bet-hedging) can be favored over environmental sensing 
(e.g., plasticity) in clonal species when the environment changes infrequently. The optimal 
switching rates then mimic the statistics of environmental change. The authors also derive a 
relation between long-term growth rate and the information available about the fluctuating 
environment. 
 Philippi, T., and J. Seger. 1989. Hedging one’s evolutionary bets, revisited. Trends in 
Ecology and Evolution 4:41-44. [doi:10.1016/0169-5347(89)90138-9]. This is a relatively 
straightforward review of bet-hedging that describes the general phenomenon and discusses a 
few common examples. It is another useful introduction to the topic. 
 Scheiner, S. M. 2014. The genetics of phenotypic plasticity. XIII. Interactions with 
developmental instability. Ecology and Evolution 4:1347-1360. Unlike many of the other works 
that treat plasticity and bet-hedging as alternative strategies, the model provided by Scheiner 
explores the interaction between plasticity and bet-hedging through developmental instability. 
He demonstrates that the magnitude and pattern of environmental heterogeneity, the spatial and 
temporal distribution of individuals, and genetic architecture are important determinants of 
phenotypic plasticity and developmental instability. 
 Starrfelt, J., and H. Kokko. 2012. Bet-hedging—a triple trade-off between means, 
variances, and correlations. Biological Reviews 87:742-755. [doi:10.1111/j.1469-
185X.2012.00225.x]. Starrfelt and Kokko use a general model to demonstrate that conservative 
and diversified bet-hedging strategies are not necessarily a dichotomy, but instead function as 
extremes along a continuum. Similarly, they conclude that within- and between-generation bet-





Applied Aspects of Plasticity 
 There are at least three major areas where an understanding of plasticity could have a 
significant applied impact: conservation biology, human health, and agriculture. The majority of 
works in this section are related to the first, but the second is also represented. Agriculture is not 
explicitly discussed. However, since agriculture might primarily focus on reducing 
environmentally induced differences among individuals, the sections on *Genetic Assimilation* 
and *Canalization* should be referenced for this topic. In addition, those interested in agriculture 
should read Perkins and Jinks 1971 (cited under *Experimental Evolution*). Returning to 
conservation biology, Hofmann and Todgham 2010; Reed, et al. 2010; and Merilä and Hendry 
2014 all address the issue of climate change and how plastic responses can potentially mitigate 
the negative outcomes species are predicted to experience and/or highlight current gaps in 
knowledge. Charmantier, et al. 2008 demonstrates empirically that behavioral plasticity can 
indeed allow a species to rapidly adapt to a changing environment. Richards, et al. 2006 and 
Davidson, et al. 2011 look at a different aspect of conservation biology: invasive species. Both 
works focus on invasive plants, and they come to the same general conclusion: invaders have 
greater plasticity than natives. However, the greater plasticity of invasive species is not always 
associated with a fitness advantage. By considering the effects of plasticity, land managers may 
be better able to conserve and restore native flora and fauna faced with climate change or 
invasive species. Another major application where knowledge of plasticity can play an important 
role is human health. Bateson, et al. 2004 argues for the importance of considering 
developmental conditions when studying disease. The authors explore a few examples that 
highlight how early development can have major implications for adult health. Gluckman and 




should definitely be consulted by the medically minded. Together, these works emphasize that 
plasticity is not only an interesting phenomenon for evolutionary biologists and ecologists, but 
has important “real-world” implications as well. 
 Bateson, P., D. Barker, T. Clutton-Brock, et al. 2004. Developmental plasticity and 
human health. Nature 430:419-421. [doi:10.1038/nature02725]. This article argues for the 
importance of considering developmental conditions when discussing public health. Figure 1 is 
useful because it presents a hypothetical relationship between nutritional level during 
development and adult health that highlights how environmental inputs early in life can have 
dramatic outcomes later in life. Although the article primarily focuses on early nutrition and 
related diseases, it is not difficult to extend the principle to pretty much any disease. 
 Charmantier, A., R. H. McCleery, L. R. Cole, et al. 2008. Adaptive phenotypic plasticity 
in response to climate change in a wild bird population. Science 320:800-803. 
[doi:10.1126/science.1157174]. Using a population study of great tits (Parus major) in the 
United Kingdom over forty-seven years, Charmantier and colleagues demonstrated that 
behavioral plasticity in timing of breeding has allowed the population to rapidly adjust to a 
changing environment. Interestingly, there was little to no variation among individuals in their 
response to environmental variation. 
 Davidson, A. M., M. Jennions, and A. B. Nicotra. 2011. Do invasive species show higher 
phenotypic plasticity than native species and, if so, is it adaptive? A meta-analysis. Ecology 
Letters 14:419-431. [doi:10.1111/j.1461-0248.2011.01596.x]. The short answers to the titular 
questions are yes, and (sometimes) yes. After performing a meta-analysis on seventy-five 
invasive/noninvasive species pairs, Davidson and colleagues conclude that invasive species were 




noninvasive species were better at maintaining growth when facing low and average resource 
availability. 
 Gluckman, P. D., and M. A. Hanson. 2004. The fetal matrix: Evolution, development and 
disease. Cambridge, UK: Cambridge Univ. Press. [ISBN: 9780521834575]. In this book, 
Gluckman and Hanson note that often a genotype itself does not cause a disease, but instead 
changes the sensitivity to environmental interactions. More broadly, this work highlights the 
importance of considering the genotype-environment interaction in development and treatment 
of disease. 
 Hofmann, G. E., and A. E. Todgham. 2010. Living in the now: Physiological 
mechanisms to tolerate a rapidly changing environment. Annual Review of Physiology 72:127-
145. [doi:10.1146/annurev-physiol-021909-135900]. As with many of the other papers in this 
section, this review primarily deals with climate change—especially temperature and ocean 
acidification. However, it utilizes a comparative physiology framework to explore the ways in 
which organisms can cope with some of the changes they will likely face. It is most useful for 
understanding some of the underlying mechanisms that lead to “higher-order” phenotypic 
outcomes and where some limits to adaptation may lie. 
 Merilä, J., and A. P. Hendry. 2014. Climate change, adaptation, and phenotypic 
plasticity: The problem and the evidence. In Special issue: Climate change, adaptation, and 
phenotypic plasticity. Edited by J. Merilä and A. P. Hendry. Evolutionary Applications 7:1-14. 
[doi:10.1111/eva.12137]. This paper serves as an introduction to a special issue of this journal 
and highlights the need for better understanding of how plasticity can contribute to the ability of 




how studies on climate change adaptation have been performed. Readers are encouraged to view 
the other works in this special issue as well. 
 Reed, T. S., D. E. Schindler, and R. S. Waples. 2010. Interacting effects of phenotypic 
plasticity and evolution on population persistence in a changing climate. Conservation Biology 
25:56-63. [doi:10.1111/j.1523-1739.2010.01552.x]. This synthesis discusses ecological and 
evolutionary theory in the context of organisms adapting to climate change. In doing so, it 
highlights the importance of ecological and evolutionary interactions potentially producing an 
adaptive response. A major conclusion is that genetic adaptation and phenotypic plasticity need 
to be considered in models of population persistence. It also—perhaps inadvertently—provides a 
framework for leveraging climate change to study phenotypic plasticity. 
 Richards, C. L., O. Bossdorf, N. Z. Muth, J. Gurevitch, and M. Pigliucci. 2006. Jack of 
all trades, master of some? On the role of phenotypic plasticity in plant invasions. Ecology 
Letters 9:981-993. [doi:10.1111/j.1461-0248.2006.00950.x]. By pulling from earlier work, 
Richards and colleagues provide a framework for understanding how an invader might succeed 
in a new habitat. Table 1 provides qualitative evidence for the different scenarios their 
framework describes, and they provide recommendations for testing the role of plasticity in 
invasions. Gaining a fitness increase in favorable conditions through phenotypic plasticity (with 
or without preventing a decline in fitness in unfavorable conditions) seems to be the most 





EVALUATING PLASTICITY-FIRST EVOLUTION IN NATURE: KEY CRITERIA 
AND EMPIRICAL APPROACHES 
 
Co-author: David W. Pfennig 
Need for a predictive framework 
 Among evolutionary biology’s enduring problems is explaining how complex, adaptive 
traits originate [1,2]. Although it is widely assumed that new traits arise solely from genetic 
factors [3], many researchers are asking whether environmentally initiated phenotypic change--
i.e., ‘phenotypic plasticity’--precedes and facilitates adaptation [4-12].  
 This alternative route, dubbed the ‘plasticity-first hypothesis’ [4,13], rests on the 
observation that phenotypic plasticity often produces developmental variants that can enhance 
fitness under stressful conditions [4,5,14]. If underlying genetic variation exists in the tendency 
or manner in which individuals produce such variants (as is often the case; [15]), then selection 
can refine the trait from an initial, potentially suboptimal version through quantitative genetic 
changes over time; i.e., ‘genetic accommodation’ occurs [4]. Furthermore, depending on whether 
or not plasticity is favored [16], this selection can respectively promote either increased 
environmental sensitivity--which maintains the trait as a ‘polyphenism’—(sensu [17]) or 
decreased environmental sensitivity--which can result in the constitutive expression of the trait; 
i.e., ‘genetic assimilation’ (sensu [18]). By ‘jump starting’ phenotypic change in an adaptive 
direction [19], environmentally induced phenotypic change precedes, and promotes, the 




 When initiated by plasticity, refinement of a developmental variant into an adaptive trait 
(whether ‘novel’ or not) does not require new genes. Instead, environmentally induced 
phenotypic change sets in motion an evolutionary sequence in which selection promotes 
adaptation by acting on existing genetic variation [e.g., 15,20-22]. In essence, such selection 
refines a trait through evolutionary adjustments in both the form and regulation of 
trait expression. The outcome of this process is an adaptive phenotype that, relative to its initial 
state, has been modified both in its morphological and physiological attributes as well as in its 
environmental sensitivity. Of course, other evolutionary forces (e.g., genetic drift, mutation) 
could alter the degree of plasticity. However, the plasticity-first hypothesis assumes that any 
such change occurred via genetic accommodation, which (by definition) is driven by selection.  
 Although lab studies have demonstrated that the plasticity-first hypothesis can promote 
adaptation [e.g., 18,23-25], and there are suggestive field studies [e.g., 26-30, reviewed in 31], 
whether plasticity, followed by genetic accommodation, has actually contributed to the evolution 
of any complex trait in any natural population is controversial [32-35]. Part of the difficulty is 
that the key criteria of the plasticity-first hypothesis have not been made clear. Yet, if, as stated 
in two recent, prominent reviews, “what remains to be done is to generate creative approaches to 
collecting empirical data from natural populations to test predictions…” [11], and if “the best 
way to elevate the prominence of genuinely interesting phenomena such as phenotypic 
plasticity...is to strengthen the evidence for their importance” [35], then these criteria and 
predictions must be made clear and rigorously tested.  
 Here, we describe key criteria for testing the plasticity-first hypothesis. We also present a 
general framework in which these criteria could be evaluated in natural populations and discuss 




provide a roadmap for testing the plasticity-first hypothesis and thereby clarify plasticity’s role in 
adaptive evolution. 
  
Key criteria of the plasticity-first hypothesis of adaptive evolution 
 Before outlining criteria for demonstrating plasticity-first evolution in natural 
populations, we note that the most compelling evidence for this process would be to actually 
observe it taking place. Indeed, plasticity-first evolution could potentially be observed in real-
time in: 1) cases in which naturally occurring populations experience rapid environmental 
change (e.g., climate change or introduced species [26]), or 2) resurrection studies; e.g., using 
seeds from datable sediment as ancestral contrasts to modern, derived individuals from the same 
population. In both contexts, the ancestral condition would be known, and environmental change 
can occur swiftly enough to observe an evolutionary response. Note that a third context, studying 
the plasticity-first hypothesis in lab populations of rapidly evolving organisms [36,37], would be 
worthwhile, but would not clarify whether plasticity has contributed to adaptation in 
any natural population [32-35].  
 For most systems, however, it is likely that only the final products of any putative 
plasticity-first process will be present in modern-day populations. In such situations, the chief 
difficulty with demonstrating plasticity-first evolution is that, once a trait has evolved, its 
evolution cannot be studied in situ. To get around this difficulty, one could either study lineages 
(i.e., species and/or populations) that are ancestral-proxies to the lineage possessing the focal 
trait [5] or, alternatively, evaluate whether environmentally induced differences within taxa 
reflect adaptive (fixed) differences among these same (or related) taxa [31]. Of these approaches, 




Although such comparisons are only feasible in systems with well-understood natural histories 
and readily accessible ancestral-proxy and derived lineages, we focus on this approach in 
suggesting four key criteria of the plasticity-first hypothesis.  
 Importantly, validation of any one criterion, by itself, is insufficient to establish that 
plasticity-first evolution has occurred. For instance, many systems appear to satisfy Criterion 1 
below--that a trait is present in ancestral-proxy lineages as an environmentally induced variant 
[13,31]. However, the mere existence of such ancestral plasticity is insufficient to demonstrate 
that the trait evolved via a plasticity-first process. As noted above, several evolutionary 
mechanisms can lead to the subsequent change in the degree of plasticity, but the plasticity-first 
hypothesis requires that selection favored any such changes. Thus, confirmation of several 
(ideally, all four) criteria increases support for this mode of evolution.  
 Criteria 1 and 2 focus on detecting pre-existing plasticity and developmental 
reorganization (i.e., ‘phenotypic accommodation’), whereas Criteria 3 and 4 focus on the 
subsequent refinement of expression and form of the focal phenotype (i.e., genetic 
accommodation). Note that we have omitted criteria specifically dealing with how 
developmental reorganization can produce a novel phenotype in ancestral-proxy lineages 
because such reorganization has extensive support [reviewed in 4] and is widely accepted. 
However, we expect any changes in the measured trait between ancestral-proxy and derived 
lineages to be accompanied by concurrent mechanistic changes (e.g., hormones, alternative 
splicing, transcription factors, cis-regulatory elements, etc.) [4,9,38-40] underlying production 




 Below, we list each criterion followed by the rationale behind it. Although each of these 
criteria has been discussed previously [e.g., 4,5,9,22,29], they have not been collectively 
assembled, and clear methods for testing them have not been provided before now. 
 
Criterion 1: The focal trait will be environmentally induced in ancestral-proxy lineages. 
The most fundamental criterion of the plasticity-first hypothesis is that the trait of interest should 
exhibit ancestral plasticity. By ancestral plasticity we mean that a developmental variant (or 
character state), similar to the derived (possibly fixed) trait, should be expressed among 
individuals from ancestral-proxy lineages when these individuals experience the derived 
environment; i.e., the environmental conditions in which the focal trait is normally expressed in 
derived lineages [4]. Additionally, if there is phylogenetic support that a taxon with an inducible 
trait resembles the ancestral condition, and/or if the developmental mechanisms for producing 
the trait are conserved in related species where the trait does not regularly occur, then this would 
suggest that the trait started out as an environmentally induced developmental variant [4]. It is 
important to note that the developmental variant need not be expressed to the same degree as is 
seen in derived lineages. 
 
Criterion 2: Cryptic genetic variation will be uncovered when ancestral-proxy lineages 
experience the derived environment. If a trait only exists as an environmentally induced variant 
and, therefore, is infrequently (or never) exposed to selection, then genetic variation should 
accumulate in the trait’s response to a novel environment (or in components that make up the 
trait) that can be revealed when environmental conditions change (Fig. 3.1C). In a novel 




heritability or greater phenotypic variation resulting from perturbation of an evolutionary 
capacitor [30,41-43]—and act as a selectable substrate (Fig. 3.1D) [4,9,44-46]. Subsequently, 
however, lineages in the novel (derived) environment should experience a selective sweep and 
lose this variation as the trait undergoes genetic accommodation [4,9,47]. Thus, once derived 
lineages have undergone genetic accommodation, they should exhibit reduced heritability and/or 
genetic variation in the trait of interest. 
 
Criterion 3: The focal trait will exhibit evidence of having undergone an evolutionary 
change in its regulation, form, or both in derived lineages. This criterion can be manifest as a 
change in the slope or elevation (or both) of the ‘reaction norm’ in derived versus ancestral-
proxy lineages. Because a change in slope represents a change in a trait’s regulation, and a 
change in elevation indicates a change in its form [30,48], finding either in derived lineages 
would suggest genetic accommodation [4]. Furthermore, finding that reaction norms are fixed 
across different environments would suggest that the trait has been genetically assimilated. 
Finally, changes in reactions norms should be mirrored by changes in the mechanisms 
underlying the trait (e.g., hormones, alternative splicing, transcription factors, cis-regulatory 
elements, etc.) [4,9,38-40].  
 
Criterion 4: The focal trait will exhibit evidence of having undergone adaptive refinement 
in derived lineages. Under the plasticity-first hypothesis, the frequency of a trait’s expression 
will determine the degree to which it is refined by selection [4]. Therefore, compared with 
individuals from ancestral-proxy lineages, individuals from derived lineages should produce 




the trait. For example, derived individuals should produce a version of the trait with improved 
functionality, fewer side effects, or lower threshold for expression [4]. This criterion is based on 
two assumptions: 1) individuals in derived lineages should express the trait more frequently than 
individuals in ancestral-proxy lineages (which produce the trait infrequently); and 2) a trait in a 
population in which it is expressed (and exposed to selection) more frequently should evolve 
greater and more rapid refinement [4]. As a corollary, the fitness consequences of a trait—i.e., its 
contribution to individual fitness—should be higher in derived lineages than in ancestral-proxy 
lineages when both are in the derived environment [4,49]. 
 
Evaluating the plasticity-first hypothesis in nature: general framework 
 Rather than describe how each criterion could be tested individually, we present a scheme 
for testing all criteria simultaneously (Fig. 3.2). Our scheme consists of two phases: 1) 
identification of ancestral-proxy and derived lineages, and 2) common garden experimentation in 
which both types of lineages are reared under similar environmental conditions that they would 
experience in the wild. 
 Before starting, it is essential that background information about the study system is 
known. Assuming this information is available, the first phase requires inferring ancestral 
character states to help clarify which lineages could serve as ancestral-proxies (to ensure that the 
ancestral-proxy is adequate, the directionality of any phylogenetic reconstruction should be well 
supported by using multiple outgroups). These ancestral-proxy lineages should be closely related 
to the derived lineages, but they should not possess the derived (potentially fixed) trait when in 




 In the second phase of testing the plasticity-first hypothesis, all key criteria can be tested 
simultaneously. This requires rearing multiple sibships from ancestral-proxy and derived 
lineages (Fig. 3.2A) in conditions representing ancestral and derived environments (e.g., without 
and with the inducing stimulus, respectively). This could be done with a common garden or 
reciprocal transplant design. An advantage of this approach is that it allows one to estimate how 
much evolutionary distance (from ancestral to derived trait) was covered when an ancestral 
lineage experienced a novel environment (indeed, such environmentally induced variants 
typically cover only part of this evolutionary distance [e.g., 22,27,29,50]). Multiple sibships are 
necessary, both because the expression of phenotypic plasticity often varies among genotypes 
[15], and because Criterion 2 specifically involves comparing genetic variability across ancestral 
and derived environments.  
 From such an experiment, observations and measurements that could validate the criteria 
include: a wide variety of phenotypes produced by ancestral-proxy sibships in derived 
environments, some of which are along the same axis of variation as the focal phenotype 
possessed by derived individuals (Criteria 1 and 2; Fig. 3.2B); an increase in heritability of the 
trait(s) (or components of the trait) among ancestral-proxy sibships when reared in derived 
environments (Criterion 2; Fig. 3.2B); a change from reaction norms lacking consistent 
directionality among ancestral-proxy sibships to having a relatively consistent slope among 
derived sibships (Criteria 2 and 3; Fig. 3.2B); a change in the slope or elevation of the reaction 
norm in derived sibships relative to ancestral-proxy sibships (Criterion 3; Fig. 3.2B); greater 
variance in trait values for ancestral-proxy sibships compared to derived sibships when reared in 
derived environments (Criteria 2 and 3; Fig. 3.2B); greater fitness (e.g., survival, growth, size, 




derived environments (Criterion 4; Fig. 3.2C); and a stronger correlation between fitness and 
trait value in derived sibships than ancestral-proxy sibships when reared in derived environments 
(Criterion 4).  
 
Evaluating the plasticity-first hypothesis in nature: illustrative case studies 
 To illustrate the above framework for testing the key criteria of the plasticity-first 
hypothesis, we describe two case studies. Although these studies are not necessarily the most 
compelling examples of plasticity-first evolution, they illustrate how to test the plasticity-first 
hypothesis in a natural population. 
 
Spadefoot toads 
 Spea tadpoles exhibit a novel polyphenism not seen in other species [22] consisting of an 
omnivore ecomorph, which eats detritus primarily, and a morphologically and behaviorally 
distinctive carnivore ecomorph, which specializes on shrimp and which expresses a suite of 
unique, complex traits [51]. Omnivores are the default morph; carnivores are induced when a 
young omnivore eats shrimp or other tadpoles [28,52]. However, most populations harbor 
heritable variation in the propensity to produce carnivores [51]. Carnivores arise 
developmentally from an omnivore-like form via accelerated growth of features [53], and 
frequency dependent, disruptive selection—stemming from resource competition—maintains 
both ecomorphs within most populations [54]. Several studies, taken together, suggest that this 
novel carnivore ecomorph arose through plasticity-first evolution [22,41,55]. 
 One study found support for Criteria 1, 3, and 4 [22]. Using ancestral character state 




couchii produce only omnivores). Gut length (carnivores produce shorter guts than omnivores) 
and gut cell proliferation (a measure of gut performance) were compared in Sc. couchii, Spea 
multiplicata, and Sp. bombifrons. Sc. couchii produced a wider range of gut lengths when fed 
shrimp (a novel diet for this species, but representing the derived diet [environment] for Spea) 
than when fed detritus, and the variation was not directional: both shorter and longer gut lengths 
were produced on shrimp. By contrast, both Spea species consistently produced shorter guts 
when fed shrimp than when fed detritus. Furthermore, whereas Sc. couchii tadpoles did not 
exhibit increased gut cell proliferation when fed shrimp, both Spea species did, suggesting that 
shrimp digestion has undergone genetic accommodation in Spea.  
 Two subsequent studies further support Criteria 2, 3, and 4 [41,55]. Cryptic genetic 
variation in Sc. couchii was detected when fed different diets and exposed to corticosterone (a 
stress hormone). These Sc. couchii tadpoles developed and grew more slowly, had increased 
corticosterone levels, and exhibited greater heritability in size, development, and gut length when 
fed shrimp than when fed detritus. Additionally, Sc. couchii tadpoles exposed to corticosterone 
had greater heritability in development and gut length. Therefore, these studies demonstrated a 
release of cryptic genetic variation in the ancestral condition when tadpoles were exposed to the 
derived stimulus, and they also identified a possible hormonal mediator of the carnivore 
ecomorph.  
 Moreover, this novel ecomorph appears to have undergone genetic assimilation in certain 
derived populations of Spea. In ancestral populations containing only a single species, both Sp. 
multiplicata and Sp. bombifrons produce similar, intermediate frequencies of both ecomorphs. 
By contrast, in derived populations where these species co-occur, each becomes nearly 




mostly carnivores, regardless of resource availability [28]. This near fixation of one ecomorph is 
adaptive because it minimizes competition between both species [28]. More generally, this 
selection-driven shift from plastic to fixed ecomorph production supports Criterion 3. 
 Note, however, that Sc. couchii might not represent the ancestral condition (they might 
have evolved the omnivore feeding strategy secondarily as an adaptive response to competition 
with, or predation by, sympatric Spea tadpoles), so support for Criteria 1-3 could be questioned. 
Also, support for Criterion 4 is limited. Nevertheless, this system illustrates how plasticity might 
have contributed to the evolution of a novel, complex phenotype in natural populations. 
 
Cavefish 
 Eye loss in cave-dwelling populations of Mexican tetra (Astyanax mexicanus) also 
provides an excellent setting for testing the plasticity-first hypothesis. The cave environment is 
an evolutionarily novel environment, and it is known that cave populations are derived from 
surface populations [56].  
 The greatest abiotic difference between surface and cave environments (other than light 
availability) is lower conductivity of cave water [43]. When surface A. mexicanus were reared 
under low conductivity, they displayed greater variation in eye and orbit size, and they up-
regulated HSP90 [43]. Moreover, when HSP90 was manipulated to mimic environmental stress 
(i.e. its chaperone ability was reduced), surface fish displayed greater variation in eye and orbit 
size beyond the range observed in controls. Cavefish did not increase trait variation under HSP90 
manipulation. Additionally, when HSP90-manipulated fish with the smallest eyes were crossed, 
their untreated F2 progeny had eyes and orbit sizes at the lower end of the range in parental fish, 




that: stressful conditions (i.e., low conductivity) induce similar changes in HSP90 function as in 
laboratory manipulation of HSP90; both stressful conditions and HSP90 manipulation result in 
uncovering of cryptic genetic variation for eye size; and individuals that develop small eyes 
when HSP90 is inhibited contain alleles that contribute to the inheritance of reduced eyes, even 
in the absence of treatment (i.e., become genetically assimilated).  
 Subsequent refinement of this induced eyeless phenotype is associated with improved 
functionality in cave conditions. When competed directly, cavefish forage better than surface-
dwelling fish in the dark [56].  
 Thus, the transition from surface to cave likely involved production of a range of novel 
phenotypes (satisfying Criterion 1), which was facilitated by the uncovering of cryptic genetic 
variation (satisfying Criterion 2). This was followed by selection favoring fixation of the eyeless 
phenotype (satisfying Criterion 3) and possible refinement of this phenotype, such that cavefish 
outcompete surface fish for food in the dark (potentially satisfying Criterion 4). Note, however, 
that it is unclear if derived (cave-dwelling) populations exhibit enhanced resource acquisition 
because of refinement of the focal trait per se (reduced eye size; as required by Criterion 4) as 
opposed to some other aspect of the phenotype (e.g., olfaction), which could have arisen via new 
mutations. Thus, further studies are needed to determine if Criterion 4 is satisfied in this system. 
Nevertheless, this system again illustrates how plasticity might have contributed to the evolution 
of a complex trait. 
 
Evaluating the plasticity-first hypothesis in nature: general assessment of the evidence  
 Beyond these case studies, researchers have (intentionally or not) demonstrated portions 




evaluated the empirical support for plasticity-first evolution and found many systems in which an 
adaptive trait is present in ancestral (or ancestral-proxy) lineages as an environmentally induced 
variant [13,31], thereby satisfying Criterion 1 above. However, as noted previously, the mere 
existence of such ancestral plasticity is not sufficient to demonstrate that a trait evolved via a 
plasticity-first process; demonstrating that plasticity-first evolution has likely occurred also 
requires evidence that any evolutionary changes in expression of plasticity reflect selection 
(Criteria 3 and 4). 
 In Table 3.1, we provide examples of naturally occurring systems in which our literature 
survey revealed that two or more criteria were validated. Our general assessment is that few 
systems have fulfilled all four criteria. In particular, although many systems have satisfied 
Criteria 1 and 3, few satisfy Criteria 2 (accumulation and release of cryptic genetic variation in 
ancestral-proxy lineages) and 4 (increased refinement in derived lineages). While Criterion 2 is 
the least crucial of the four criteria (and among the most difficult to evaluate), Criterion 4 is 
essential to rule out alternative evolutionary explanations (see above).  
 We hasten to add, however, that although few systems support all four criteria, taken 
together, the body of evidence is reminiscent of Darwin’s approach to supporting evolution by 
natural selection [57]: multiple lines of partial evidence point toward the same process operating 
in many, diverse taxa.  
 
Conclusions 
 We have described key criteria for evaluating the plasticity-first hypothesis in natural 
populations, provided a roadmap for testing these criteria (Fig. 3.2), and presented examples that 
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Table 3.1. Examples of species, conditions, and traits for which two or more key criteria of the 
plasticity-first hypothesis are supported in naturally occurring systems.  
Species Novel 
condition(s) 
 Trait Criteria 
supported 
Reference(s) 
Plants      





Acacia spp. ant guards  ant 
mutualism 
1,3,4 [59,60] 
Nematodes      





































Fishes      
Fundulus spp. 
(killifish) 




(Devils Hole pupfish) 
high temperatures; 
reduced resources 


































caves  eye loss 1,2,3,4(?
) 
[43,56] 
Amphibians      













insecticide  insecticide 
tolerance 
1,3,4 [84] 




 resource use 
ecomorph 
1,2,3,4 [22,28,41,55]  











alternative diets  head size 1,3,4 [20,87,88] 
Birds      
Agelaius phoeniceus 
(red-wing blackbird), 
Parus major (great 
tit), and other urban 
birds 














Fig. 3.1. An idealized representation of how plasticity-first evolution leads to a novel, adaptive, 
complex trait. (A) A genetically variable population (here, different-colored tadpoles represent 
different genotypes) (B) experiences a novel environment (shading), which immediately induces 
novel developmental variants (dashed lines). However, different genotypes vary in the manner in 
which they respond (or indeed, if they respond at all). (C) Selection acts on this formerly cryptic 
genetic variation (revealed by the change in environment) by disfavoring those genotypes that 
produce phenotypes that are poorly adapted in the new environment (here, the round-bodied 
phenotype is favored, whereas all others are disfavored, as indicated by the ‘X’). (D) This 
selection also leads to the adaptive refinement of the favored phenotype (depicted here by the 




maintained in the ancestral environment (see “A”), then the result is a novel polyphenism. (E) 
However, selection might instead favor the loss of plasticity (i.e., genetic assimilation), resulting 
in a novel phenotype that is now produced constitutively, even when the population experiences 
the ancestral environment (indicated here by the loss of shading and dashed lines). Note that 
observations from natural systems likely will not be as clear cut as the process described here. 
Furthermore, although we have shown how a plasticity-first process promotes novelty, this 




Fig. 3.2. Approaches for testing the key criteria of the plasticity-first hypothesis. (A) As an initial 
step, identify lineages to serve as ancestral-proxies to the lineage(s) that produce(s) the focal 
trait. In this example, Lineage 1 does not produce a novel trait during normal development; 
Lineage 2 produces the novel trait as part of normal development depending on environmental 
conditions (i.e., it exhibits adaptive plasticity in trait expression); Lineage 3 produces the novel 
trait regardless of environmental conditions (i.e., it is canalized, meaning that it exhibits no 
plasticity in the trait). (B) Next, use a common-garden approach to determine if: 1) ancestral-
proxy lineages that normally lack the trait of interest (Lineage 1) produce developmental variants 
of the trait through phenotypic plasticity when experiencing the novel environmental stimulus 
(Criterion 1); 2) the novel environment uncovers cryptic genetic variation in these ancestral-
proxy lineages (Criterion 2); 3) phenotypic variation revealed in the ancestral-proxy lineages is 
greater than in derived lineages (and might be random with respect to its adaptive value in the 




has refined trait expression in the novel environment (indicated by directional reaction norms in 
Lineage 2 versus flat reaction norms in Lineage 3; Criterion 3). (C) Finally, use a common-
garden approach to determine if the trait has indeed undergone adaptive refinement by 
comparing the fitness of individuals from lineages that produce the novel phenotype facultatively 
versus constitutively (Criterion 4). If genetic accommodation has occurred, the latter should 
outperform the former in the novel environment (indicated by increased growth [larger size] of 
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EVIDENCE AND MECHANISMS FROM AMPHIBIANS 
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Introduction 
 Among biology’s enduring problems is to explain how novel, complex phenotypes 
originate [1,2]. New phenotypes have often been assumed to arise exclusively from genetic 
changes [3]. Consistent with this assumption, many features have now been traced to single gene 
mutations (e.g., [4,5]), duplications of large regions of the genome (e.g., [6,7]), alterations in 
regulatory sequence (e.g., [8-10]), and/or a variety of other changes in DNA sequence or content.  
 Yet, in recent years, an increasing number of biologists have begun questioning whether 
novel features arise solely from genetic changes. These researchers have been asking if 
environmentally induced phenotypic change--i.e., ‘phenotypic plasticity’ (hereafter just 
‘plasticity’ and used synonymously with ‘developmental plasticity’)--might also play a role in 
initiating novelty (e.g., [11,12-20]). Indeed, some researchers have noted that plasticity can 
trigger phenotypic divergence within species as great as that between species [21], suggesting 
that it might even contribute to large-scale evolutionary change; i.e., ‘macroevolution’ [22,23]. 
 Here, we discuss plasticity’s possible contribution toward the origins of complex, 
canalized (i.e., fixed) phenotypes. We begin by introducing the theory of how plasticity might 
promote novelty. Next, we discuss some ways by which this theory can be evaluated. We then 




because they display abundant and striking plasticity, and they have been subjects of 
considerable research. Indeed, as we describe, amphibians offer some of the strongest support 
implicating plasticity in macroevolutionary change. We then review what is known about the 
proximate (i.e., genetic, developmental, and physiological) mechanisms underlying plasticity-
mediated evolution in amphibians. Finally, we close with a brief discussion of potential future 
research directions.  
 
Plasticity-first evolution 
 Plasticity is commonplace (reviewed in [24]), and it has long been thought to play a role 
in fostering evolutionary innovation [12,25-27]. Although a number of routes by which plasticity 
might promote novelty have been proposed [12,26], we focus here on a widely accepted pathway 
dubbed ‘plasticity-first evolution’ (hereafter, ‘PFE’) [28,29]. 
 PFE rests on the observation that plasticity often enhances fitness under stressful 
conditions [14,30,31]. When an individual encounters an environment that induces such a change 
in its phenotype, the multidimensional nature of developmental and physiological processes can 
help stabilize the expression of the altered phenotype, such that the individual can persist in the 
new environment (i.e., ‘phenotypic accommodation’ occurs; sensu [12]). If underlying genetic 
variation exists in either the tendency or manner in which individuals respond to the environment 
(i.e., if different genotypes exhibit different ‘reaction norms’; [32]), then selection can act on 
such variation (or de novo variation induced by the environmental shift; sensu [33,34]) and 
improve this new phenotype’s functionality. Moreover, depending on whether or not plasticity is 
favored [35,36], selection can also respectively promote either increased environmental 




(sensu [37])—or decreased environmental sensitivity--in which plasticity is lost and the 
phenotype becomes canalized. The latter outcome, known as ‘genetic assimilation’ (sensu [27]) 
might occur for two reasons. First, when plasticity is costly [38,39], selection can actively 
eliminate it, leading to the canalization of the favored phenotype. Second, plasticity can be lost 
through mutational degradation or genetic drift [40], as might occur when non-favored 
phenotypes are seldom expressed and thereby experience relaxed selection [41-43].  
 Regardless of whether the outcome is a polyphenism or genetic assimilation, the key 
point is that selection can act on an initially environmentally induced phenotype and promote an 
adaptive change in the form and/or regulation of that phenotype (a process known as ‘genetic 
accommodation’; sensu [12]). In this way, plasticity could precede--and facilitate--the origin and 
canalization of a novel, complex phenotype (Fig. 4.1). Essentially, plasticity might often ‘jump 
start’ phenotypic change in an adaptive direction [44].  
 PFE may be a more common route to novelty than is generally recognized [28,29]. 
Indeed, environmentally triggered novelties could have greater evolutionary potential than 
genetic mutations, for at least three reasons [12]. First, in contrast to most genetic mutations 
(which initially affect only one individual and its descendants), changes in the environment often 
impact many individuals simultaneously. This widespread recurrence means that 
environmentally induced novelties are less likely to be lost through drift and are more likely to 
be tested in diverse genetic backgrounds, both of which increase the chances of genetic 
accommodation [12]. Second, with environmentally triggered novelties, the inducing cue(s) is 
often associated with the environment in which the trait is adaptive (e.g., see [45,46-50]). In 
contrast, a mutation occurs regardless of whether or not the organism is in an environment in 




induced traits are more likely to experience consistent selective pressures when expressed, which 
also facilitates genetic accommodation [12].  
 Finally, plasticity promotes the storage and release of ‘cryptic genetic variation’--i.e., 
variation that is expressed only under new conditions [53-56]. Specifically, genetic variation that 
is not expressed (as is often the case with alleles associated with environmentally triggered traits) 
accrues because it is not exposed to, and removed by, selection [43,53,55]. However, when novel 
phenotypes are triggered by environmental change, the formerly cryptic genetic variation 
underlying these phenotypes becomes exposed to selection. Indeed, genetic variation influencing 
the regulation of plastic traits is plentiful [36,57], and the expression of such variation often 
increases when populations encounter novel environments [58]. The release of such variation 
fuels and thereby facilitates genetic accommodation [59] (Fig. 4.1b). 
 Lab studies have shown that PFE can lead to canalization of environmentally-induced 
phenotypes (e.g., [27,60,61]). Yet, some researchers remain skeptical of PFE, primarily because 
of a perceived lack of evidence from the wild [62,63]. However, recent years have seen growing 
support for PFE from numerous natural populations (reviewed in [19,29]). 
 Here, we review some of this support. Specifically, we discuss the evidence for PFE from 
studies of natural populations of amphibians. Before doing so, however, we discuss some general 
approaches that can be used to evaluate PFE in natural populations.  
 
Empirical approaches for evaluating PFE 
 The most direct evidence of PFE from natural systems involves comparing plasticity in 
ancestral and derived (sister) lineages, such as when derived populations have undergone a 




descendants cannot be evaluated directly, however, phylogenetic inference allows indirect tests 
of PFE [19,65]. Alternatively, a widely-used approach is to compare the reaction norms (i.e., the 
trait’s plasticity as estimated from the slope of the line between trait values in alternative 
environments) of two different types of lineages: one that possesses the focal, potentially 
canalized, trait (representing the ‘derived’ condition) and one that is closely related to the former 
lineage but that lacks the focal trait (representing the ‘ancestral’ condition and that can therefore 
serve as an ‘ancestor-proxy’ lineage). Reaction norms of these two types of lineages can be 
compared when both lineages are reared in both the derived environment (i.e., the environment 
in which the trait is associated) and the ancestral environment [66]. This approach can be 
effective in evaluating the following critical predictions of PFE [29]: 
 
 Prediction 1--The focal trait can be environmentally induced in lineages showing the 
ancestral state. A fundamental prediction of PFE is that the novel trait should exhibit ‘ancestral 
plasticity.’ In other words, the derived trait (or components thereof) should be environmentally 
induced in lineages that normally lack the trait, but only when they experience the derived 
environment [12]. 
 
 Prediction 2--The focal trait’s heritability should increase when lineages with the 
ancestral state experience the derived environment. As noted above, cryptic genetic variation can 
accrue when genetic variants are not expressed phenotypically. Such could be the case if lineages 
still showing the ancestral state remain in the ancestral environment. However, once these 
lineages experience a novel environment, this formerly cryptic genetic variation might be 




genetic variation should be manifest as an increase in the trait’s heritability [67]. Observing such 
an increase would confirm the presence of cryptic genetic variation upon which selection could 
act [13,68]. This confirmation is necessary to eliminate the possibility that the novel trait arose 
solely through lineage-specific mutations (as in [34,69]). 
 
 Prediction 3--The focal trait should exhibit evidence of having undergone an 
evolutionary change in its degree of plasticity and/or form in lineages with the derived trait. 
During genetic accommodation, a trait that is initially environmentally induced undergoes an 
evolutionary shift in degree of plasticity or form [12]. Such shifts would manifest as changes to 
the slope, curvature, and/or elevation of the reaction norm [70]. Finding that selection has led to 
the complete loss of plasticity would imply that the trait has been genetically assimilated (i.e., its 
expression is now canalized; [27,70]). 
 
 Prediction 4--The focal trait should exhibit evidence of having undergone adaptive 
refinement as it is induced and exposed to selection repeatedly. During genetic accommodation, 
selection improves the functionality of a trait. Thus, as a novel trait is expressed (and exposed to 
selection) more frequently, it should experience greater and more rapid refinement [12,39]. 
 
 Note that validation of any one of the above four predictions, by itself, is insufficient to 
establish that PFE has occurred. For instance, although ancestral plasticity has been documented 
in many systems (Prediction 1; [19,28]), such documentation (by itself) is insufficient to 
demonstrate PFE. This is because the PFE hypothesis specifically requires that selection favored 




mutation) can also promote such shifts and must therefore be ruled out to demonstrate PFE. 
Thus, studies that verify several (ideally, all four) predictions provide the strongest support for 
PFE. Below, we review some of these studies. 
 
Empirical tests of PFE in amphibians 
 There is increasing support for PFE. Indeed, many researchers have (intentionally or not) 
validated one or more of the above predictions in numerous natural populations of plants and 
animals (reviewed in [12,19,28,29,71]). Here, we discuss the evidence from amphibians, which 
(as described below) have furnished some of the strongest support to date for plasticity’s role 
evolutionary innovation. 
 
Development time of spadefoot toads 
 The rapid development time of North American spadefoot toads (genera Scaphiopus and 
Spea; Fig. 4.2) has potentially arisen via PFE. Unlike their Old World counterparts of the genera 
Pelobates and Pelodytes, which breed in permanent or long-lasting ponds and have long larval 
periods (> 180 days in some species), the New World species in the genera Scaphiopus and Spea 
occupy ephemeral ponds and are canalized for extremely reduced larval periods (< 8 days in 
some species) [72-74].  
 Gomez-Mestre and Buchholz [75] reconstructed the reaction norm for development time 
between short- and long-lasting aquatic environments for the common ancestor of Old World 
and North American spadefoots (these lineages split 160-170 Mya; [76,77]) and compared it to 
the reaction norms of extant spadefoots. They found that spadefoots from the Old World (where 




ancestor in that they have an overall longer development time and exhibit greater plasticity in 
development time than the relatively canalized development of New World (North American) 
spadefoots. The authors also showed that these evolved changes in larval period have been 
accompanied by concomitant changes in morphological development (limb length) in these 
derived lineages. Two additional studies corroborate these observations. In both, the authors 
compared the development time (larval period) of two species of North American spadefoot (Sc. 
couchii and Sp. multiplicata) that inhabit a desert environment with an Old World ancestor-proxy 
species (P. cultripes) from longer-duration, more variable ponds [78,79]. They found that the 
desert-adapted species had greater canalization in larval period and that larval period in nature 
predicted degree of plasticity to simulated pond drying in the laboratory. Furthermore, the 
deserted adapted species were smaller at metamorphosis and had had fewer fat bodies, regardless 
of pond duration. Finally, they found that degree of plasticity in development time corresponded 
to changes in standard metabolic rate and hormone levels, such that the most plastic species (P. 
cultripes and Sp. multiplicata) had the greatest changes in these physiological measures and the 
least plastic species (Sc. couchii) had constitutively high metabolic rate and hormone levels.  
Thus, for this system, there is evidence of ancestral plasticity (consistent with Prediction 1). 
 There is further evidence that this ancestral plasticity has undergone an evolutionary shift 
in derived (North American) lineages (consistent with Prediction 3) such that plasticity has been 
reduced (i.e., canalization has been increased). Additionally, there is the suggestion that this 
ancestral plasticity might have undergone adaptive refinement in derived lineages because of 
concomitant evolved changes in morphology and fat body formation (consistent with Prediction 




magnitude of physiological changes (i.e., hormone levels and metabolic rate) associated with 
pond drying suggest adaptive refinement as well. 
 Despite the compelling evidence presented above, the case for PFE could be strengthened 
in this system. For instance, there has not been an explicit test of Prediction 2 (uncovering of 
cryptic genetic variation). In addition, more explicit tests are needed to evaluate whether or not a 
change in environment (i.e., transition to desert habitat) drove the observed changes in plasticity 
of North American spadefoots [76]. Nevertheless, this example illustrates nicely how plasticity 
might have promoted evolutionary change in development, which might have enabled these 
amphibians to invade novel habitats. 
 
Alternative ecomorphs in spadefoot toads 
 In addition to evolved changes in development time, spadefoot toads of the genus Spea 
have also evolved a unique ‘resource polyphenism’, in which their tadpoles produce alternative, 
environmentally induced morphs [46,80,81]. Most anuran larvae feed on detritus and 
microorganisms and possess small jaw muscles, smooth keratinized mouthparts, numerous 
denticle rows, and a long gut [82,83]. Although Spea tadpoles develop these features by default 
(the ‘omnivore’ morph), they can also develop into an alternative ‘carnivore’ morph that is 
characterized by large jaw muscles, notched and keratinized mouthparts, few denticle rows, and 
a short gut (Fig. 4.3). This carnivore morph is specialized for eating fairy shrimp and other 
tadpoles [84], and it is a derived, novel phenotype restricted to Spea [66]. This distinctive 
carnivore morph can be induced by the consumption of shrimp or tadpoles [46,85]. However, the 




populations, and even sibships [86-88], suggesting underlying genetic variation in propensity to 
produce and express the carnivore phenotype.  
 Disruptive selection favors both omnivores and carnivores in natural populations [89-92]. 
Such selection arises because tadpoles with intermediate phenotypes are outcompeted by 
carnivores for shrimp/tadpoles and by omnivores for detritus [89]. Additionally, carnivores are 
favored in shrimp-rich, short-duration ponds (because they develop faster) and omnivores are 
favored in shrimp-poor, longer-duration ponds (because they can consume a wider range of 
resources) [46,80,81,84].   
 Several studies, taken together, suggest that the carnivore morph might have arisen via 
PFE. First, this phenotype appears to have started out when selection acted on continuous, diet-
induced plasticity in a non-polyphenic ancestor. Using Scaphiopus couchii as a proxy for Spea’s 
non-plastic ancestors (Sc. couchii produce only omnivores), Ledón-Rettig et al. [66,67] found 
that Sc. couchii tadpoles developed shorter guts when fed shrimp than when fed detritus, 
suggesting that diet-induced plasticity is present in this representative of the ancestral state 
(consistent with Prediction 1). This species also exhibited greater heritability in gut length when 
fed shrimp vs. detritus, suggesting that the derived stimulus (shrimp) uncovered cryptic genetic 
variation [67], which is consistent with Prediction 2. Finally, although Sp. bombifrons tadpoles 
showed an increase in gut cell proliferation when fed shrimp vs. detritus, no such increase was 
detected in Sc. couchii (gut cell proliferation is a measure of gut functionality) [66]. Moreover, 
Sp. bombifrons grew and survived better when fed shrimp vs. detritus; again, the opposite pattern 
was observed in Sc. couchii [93]. This is evidence that shrimp consumption has been adaptively 




 The novel carnivore morph appears to have undergone subsequent canalization in certain 
populations of Sp. bombifrons as a result of character displacement with its congener Sp. 
multiplicata [87,92,94]. In ponds containing only a single species (i.e., allopatry), both species 
produce similar, intermediate frequencies of both morphs. By contrast, in ponds where both 
species occur (i.e., sympatry), each species becomes nearly monomorphic, with Sp. multiplicata 
producing mostly omnivores, and Sp. bombifrons producing mostly carnivores as a result of 
interspecific competition. These differences between species in morph production in sympatric 
populations persist even when tadpoles are reared under laboratory conditions, suggesting that 
the differences are fixed [87].    
 This evolution of reduced plasticity in sympatry appears to reflect genetic assimilation 
(i.e., Prediction 3). Experiments have shown that plasticity-mediated shifts in allopatric 
(ancestral) populations mirror the more highly canalized trait differences observed in sympatric 
(derived) populations that have undergone character displacement (because these two species 
have come into secondary contact following a range expansion, allopatry represents the ancestral 
condition and sympatry the derived condition) [95-97]. In these experiments, allopatric Sp. 
multiplicata that were reared with Sp. bombifrons facultatively produced mostly omnivores, 
which mirrors morph production among Sp. multiplicata in natural sympatric populations. 
Conversely, allopatric Sp. bombifrons that were experimentally exposed to Sp. multiplicata 
facultatively produced mostly carnivores, which mirrors morph production among Sp. 
bombifrons in natural sympatric populations. Spea bombifrons produce more carnivores in the 
presence of Sp. multiplicata, because they are more effective at capturing and consuming shrimp 
[87], a diet that induces carnivores. Thus, in sympatric populations, the environmentally induced 




occurred. Thus, all four predictions suggesting that the novel carnivore morph in Spea arose via 
PFE are satisfied. 
 
Salamander life history strategies  
 Differences in life history strategy among eastern newt (Notophthalmus viridescens) 
subspecies and among tiger salamander (Ambystoma spp.) species might have evolved through 
PFE. Four subspecies of eastern newt differ in their color pattern, body size, and life history 
strategy (reviewed in [98]). The ‘typical’ life history strategy of eastern newts consists of a larval 
stage followed by a terrestrial eft stage for up to seven years before returning to an aquatic life as 
adults (reviewed in [98]). Notably, in the wild, these subspecies differ in the frequency with 
which their development proceeds through one of three possible trajectories: (1) metamorphosis 
to an aquatic lunged adult after passing through a terrestrial juvenile (eft) stage, (2) 
metamorphosis directly to a lunged aquatic adult, or (3) maturation to a gilled aquatic adult and 
skipping metamorphosis (i.e., paedomorphosis). 
 Takahashi and Parris [98] performed a common garden experiment in which they 
subjected larvae from each of these subspecies to various hydroperiods and determined what 
developmental trajectory they followed. They found that one of the subspecies (N. viridescens 
viridescens) obligately metamorphosed into an eft stage across all hydroperiods, but two others 
(N. v. dorsalis and N. v. louisianensis) adjusted their strategies to match pond duration—a short 
hydroperiod only produced efts, but long and constant hydroperiods produced paedomorphs 
and/or aquatic adults without an eft stage. Thus, they demonstrated that some populations have 
become genetically canalized for production of only a single developmental trajectory (i.e., N. v. 




 Furthermore, these differences in plasticity appear to improve fitness of these different 
lineages in the form of greater growth efficiency [99,100] and earlier sexual maturity [98] 
(possibly consistent with Prediction 4). Despite the convincing evidence in support of Prediction 
3, further work is needed to elucidate: 1) which developmental trajectory(ies) and environmental 
conditions are the ancestral state (despite the ancestor likely possessing the developmental 
mechanisms that selection could refine; [101]); 2) if a change in hydroperiod uncovered cryptic 
genetic variation for these alternative trajectories; and 3) the extent to which selection has 
adaptively refined these alternatives in different lineages.  
 In the newt example above, plasticity has generated life history differences within a 
species. We now turn to an example in which plasticity appears to have contributed to life 
history differences across species. In tiger salamanders (Ambystoma spp.), developmental 
trajectory varies among species. In these species, there are two, alternative life-history strategies: 
metamorphosis into a terrestrial adult or paedomorphosis into an aquatic adult [102]. In lineages 
where paedomorphosis is facultative (i.e., plastic; e.g., Ambystoma mavortium), pond quality 
(often related to larval density) and larvae size are important determinants of which trajectory an 
individual will follow [103]. Other lineages are canalized (or nearly so) for one alternative (i.e., 
metamorphosis in A. tigrinum) or the other (i.e., paedomorphosis in A. mexicanum) [104]. Thus, 
looking broadly, one can conceive of an evolutionary sequence in which an ancestrally 
metamorphic lineage (like A. tigrinum) develops an alternative paedomorphic strategy (like A. 
mavortium) that ultimately becomes fixed in some lineages (like A. mexicanum). While this 
hypothesis may be provocative, there have been few (if any) direct tests of it. Furthermore, the 
underlying cause of metamorphic failure in axolotls (A. mexicanum) seems to vary among 




refined this phenotype. However, the mere presence of parallel loss of metamorphosis suggests 
an important role for selection, and variation in how the derived phenotype is produced does not 
necessarily preclude the possibility of PFE. This is because genetic variation in the ancestral 
lineage may have allowed individuals to accommodate the new phenotype via different 
underlying mechanisms that, because they produced equivalent phenotypes, are still maintained 
today [12,108].  
 
Tadpole insecticide tolerance 
 Finally, Hua et al. [109,110] evaluated PFE to insecticide exposure using various 
populations of wood frogs (Lithobates sylvaticus). They used multiple populations located at a 
variety of distances from agriculture: their ancestor-proxy populations were those located 
farthest (600-800 m) from agricultural areas because these populations were exposed to the 
insecticide carbaryl least frequently (or not at all) and their most ‘derived’ populations were 
those located adjacent to agricultural land (<100 m). They reared embryos from each 
environment (near and far) in the laboratory and outdoor mesocosms to 1) assess the overall 
tolerance of these populations to the insecticide and 2) evaluate the extent of inducible tolerance 
(i.e., plasticity) of these populations.  Here, the overall tolerance refers to the ability to survive 
(i.e., time to death) when exposed to a lethal dose of carbaryl, and inducible tolerance refers to 
the ability to better survive a lethal dose of carbaryl after prior exposure to a sublethal dose 
compared to controls that were not previously exposed to the sublethal dose. Consistent with 
PFE, they observed that ponds located far from agriculture exhibited plasticity in insecticide 
tolerance (consistent with Prediction 1), and that insecticide tolerance in ponds located near to 




4, a previous study demonstrated that populations located closer to agriculture have overall 
higher tolerance than those further away (consistent with Prediction 4) [111]. In addition, the 
extent to which acetylcholine esterase (the enzyme targeted by carbaryl in this species) 
concentrations in the body increased following sublethal exposure varied by population type, 
which may also be indicative of adaptive refinement during canalization. What remains to be 
seen is evidence of Prediction 2 being fulfilled and/or additional physiological and fitness-based 
tests of Prediction 4.  
 
Other potential systems 
 Other amphibian systems and phenotypes that might be useful for testing PFE include: 
the ‘bulgy’ morph tadpoles induced by predatory salamanders (e.g., [50]); predatory salamanders 
that develop a larger gape in response to these bulgy tadpoles [112] and crowding [113]; 
numerous examples of morphological (i.e., tail and body shape; e.g., [49,114]) and behavioral 
changes (e.g., [49,115]) that tadpoles undergo when exposed to chemical cues from predators; 
plasticity in hatching time in response to predator cues (e.g., [47,116]); cannibalistic tiger 
salamanders [117,118]; the transition between metamorphosis and paedomorphosis among 
populations of tiger salamanders [102]; morphological changes in response to herbicide exposure 
that are reminiscent of predator-induced changes [119-121]; and the ability to facultatively 
change skin texture from rough to smooth [122]. 
 
Plasticity and macroevolution 
 PFE is similar to the ‘flexible stem hypothesis’ [12] in which the phenotypic plasticity of 




genetic assimilation of alternative morphs or phenotypes [124]. Indeed, as noted in the previous 
section, plasticity appears to have facilitated the evolution of a wide array of complex 
phenotypes in amphibians, from a new mode of reproduction in newts and salamanders 
(paedomorphosis) to a novel resource-use morph in spadefoot toads (the carnivore morph). 
These observations therefore lend credence to the claim that plasticity instigates novelty. 
However, there is another reason for suggesting that plasticity fosters evolutionary innovation: it 
can generate alternative phenotypes within species that are as divergent from each other--in 
morphology, behavior, and/or physiology--as are different species or even higher taxonomic 
categories.  
 Consider, for instance, the novel carnivore morph in spadefoot toads (Fig. 4.3). This 
environmentally induced phenotype is as morphologically distinct from the default omnivore 
morph--produced by the same species--as the omnivore morph is to tadpoles from an entirely 
different genus (Fig. 4.4; for other examples, see [21,125,126]). In fact, for decades, 
herpetologists thought that these two morphs belonged to separate species [73].  
 For these reasons, such extreme plasticity (specifically, polyphenism) has long intrigued 
evolutionary biologists, at least as far back as Weismann [25], Goldschmidt [127], and 
Waddington [128]. They theorized that environmentally triggered morphs could be informative 
about the evolution of novelties and differences between species. Indeed, polyphenism has been 
dubbed ‘intraspecific macroevolution’ [12,21]. Plasticity might ultimately accelerate 
macroevolutionary change because it enables alternative phenotypes to evolve semi-
independently toward major new adaptive peaks without the negative fitness consequences that 




 Moreover, because phenotypic alternatives can undergo canalization via genetic 
assimilation (see above), they might eventually become reproductively isolated from each other 
[129]. In such a situation, plasticity could facilitate speciation and adaptive radiation (reviewed 
in [16,65,124]). Thus, plasticity might play an underappreciated role in promoting both 
evolutionary innovation and diversification [12,13,16,26,71,123]. 
 
Proximate mechanisms of PFE in amphibians 
 We now review the proximate mechanisms by which PFE might unfold in amphibians. 
First, recall that PFE proceeds through two general phases: 1) phenotypic accommodation, in 
which a novel phenotype is induced and refined through developmental processes acting within 
generations; and 2) genetic accommodation, in which selection promotes the adaptive refinement 
of such an induced phenotype through genetic processes acting across generations. For 
phenotypic accommodation to occur, numerous developmental and physiological processes must 
come into play [12]. Furthermore, these processes must subsequently undergo adaptive 
(evolutionary) refinement through genetic changes. Therefore, it is worth exploring what types of 
processes have been implicated in PFE in amphibians. 
 Hormonal changes are a primary mechanism by which plastic phenotypes arise and 
evolve [24,130]. In amphibians, three hormones are crucial [131]: thyroid hormone (TH), 
corticotropin-releasing hormone (CRH), and corticosterone (CORT). TH in particular induces a 
complex suite of morphological and biochemical changes in each of a developing tadpole’s 
tissues (especially the central nervous system) during metamorphosis [132]. Secretion of TH and 
corticosteroids (e.g., CORT) is controlled by CRH [133] which is responsive to desiccating (e.g., 




glands accelerate metamorphosis [132]. Thus, desiccating conditions lead to an increase in CRH, 
which in turn, increases CORT and TH levels and increases development rate [134]. Importantly 
this pattern is conserved evolutionarily in diverse species, from spadefoot toads to tiger 
salamanders [134-137]. 
 Evolutionary changes in these hormones have facilitated some of the dramatic changes 
described above. First, Hollar et al. [138] demonstrated that Scaphiopus couchii (a canalized 
rapidly-developing spadefoot species) have higher expression of the TH receptor (TRα) 
throughout development than Pelobates cultripes (a slow, variably developing spadefoot 
species). Moreover, the ability of P. cultripes to shorten its larval period in response to reduced 
water levels is achieved by increased TH, CORT, and TRβ (another TH receptor) [139]. 
Furthermore, whereas P. cultripes increases TH and CORT levels in response to pond drying, Sc. 
couchii exhibits constitutively high levels of both hormones across pond drying regimes [79]. 
Similarly, whereas Sc. couchii has high levels of CORT throughout development, P. cultripes 
(like most amphibians) experiences a spike in CORT at metamorphosis [79]. This suggests that 
the canalized, rapid development of Sc. couchii is achieved, at least in part, by this species 
maintaining its hormonal state near those required for metamorphosis which thereby facilitates 
rapid exit from a pond.  
 The evolution of the novel carnivore ecomorph in Spea was likely also mediated by 
changes in hormone expression and/or processing. Pfennig [81] demonstrated that treatment with 
exogenous TH induced carnivore-like tadpoles even if they were fed a detritus diet (but see 
[140]). In addition to a role for TH, CORT appears to be important in the evolutionary history of 
Spea. Specifically, unlike Spea, the ancestor-proxy of Spea (S. couchii) experienced increased 




the Spea ancestor, but has since been accommodated in extant Spea [93]. Furthermore, Ledón-
Rettig et al. [67] demonstrated the uncovering of cryptic genetic variation when Sc. couchii 
tadpoles were exposed to exogenous CORT.  
 Evolved changes in life history strategy among ambystomid salamanders (and potentially 
newts) similarly appears to have arisen because of differences in the thyroid hormone cascade 
[104-107]. Interestingly, even the mudpuppy, Necturus mauclosus (an obligate paedomorphic 
species outside of the family Ambystomatidae) has fully functioning TH receptors (TRα and 
TRβ) that lead to metabolic changes when exposed to TH [141]. Thus, in the N. maculosus 
lineage, loss of metamorphosis may be due to loss of TH-dependent control of genes required for 
tissue transformation, rather than the ability of TH receptors to form, recognize, and bind TH. 
 Changes in hormone regulation are ultimately only important because of the impact they 
have on gene expression. For instance, TH brings about metamorphosis by activating 
transcription factors (that are likely to be required for the expression of downstream genes); 
cellular enzymes (which carry out hormone conversions, energy transformations and may 
possibly mediate extranuclear effects of TH on neural cells); cytoskeletal elements required for 
axonal development and; secreted signaling molecules that control the production of TH [136]. 
The synergistic effects of TH and CORT on amphibian development arise because of their 
influence on gene expression [142], and the differences in development rate and plasticity 
between Sc. couchii and P. cultripes occurs through thyroid hormone receptor mediated changes 
in gene expression [138]. Similarly, the canalization of the carnivore morph in some populations 
of Spea bombifrons has been accompanied by changes in gene expression [143]. Even the origin 
of the carnivore morph was potentially facilitated by variation in gene expression in response to 




 Evolved changes in the epigenetic mechanisms that moderate gene expression likely play 
an important role in the maintenance and evolution of plasticity [145]. For example, studies on 
natural populations of species other than amphibians have demonstrated an excess of DNA 
methylation relative to genetic variation, and that DNA methylation patterns vary with 
population, habitat, and/or species (e.g., [146-148]). In addition to the context-specificity of 
epigenetic regulation, there is increasing evidence of transgenerational epigenetic inheritance in 
animals (reviewed in [149,150]). Such transgenerational epigenetic inheritance--even if it lasts 
for only a few generations--could ‘buy time’ for genetic accommodation to occur [151].  
 Maternal effects—where a female’s phenotype influences its offspring’s phenotype, 
independent of the direct effects of the female’s coding sequence on its offspring’s phenotype—
are one form of epigenetic inheritance that might be particularly important for amphibians 
undergoing PFE. In many species of amphibians, mothers differentially provision their eggs 
depending on their own environment and/or phenotype (e.g., [152-154]). For example, larger 
females often produce larger eggs [153,155], which develop into larger, faster developing 
tadpoles [153]. Furthermore, differential investment can mediate plasticity in the expression of 
offspring traits [156,157]. Thus, condition-dependent maternal effects might be a mechanism by 
which amphibian populations are buffered from extinction while genetic changes accumulate and 
produce divergent traits in the absence of the maternal effect [157,158]. Consistent with this 
scenario, a condition-dependent maternal effect maintains the omnivore morph in populations of 
Sp. multiplicata in sympatry with Sp. bombifrons [157], but maintenance of the carnivore morph 
of Sp. bombifrons in these same populations appears to have a genetic basis [158]. Importantly, 
these sympatric populations appear to be at the edge of range expansion by Sp. bombifrons [97]. 




relatively recent for Sp. multiplicata in contrast to Sp. bombifrons, which has had a longer time 
to adapt to Sp. multiplicata [157,158]. Thus, maternal effects might be important in determining 
the direction and rate of evolution. 
 
Conclusions 
 Despite growing evidence that PFE might be a common route to evolutionary innovation, 
several research avenues could advance this field. First and foremost, additional tests of PFE 
must be performed. The examples mentioned above (under Other potential systems) could be 
prime candidates for such tests. Additionally, instances in which plasticity helps amphibians 
adapt to rapid environmental changes (e.g., pathogens, toxins, habitat destruction, climate 
change) [159] could provide excellent opportunities to observe PFE in the wild. Finally, future 
studies should seek to identify the molecular signatures of PFE and the proximate mechanisms of 
plasticity, genetic accommodation, and genetic assimilation [13,160-164]. As noted above, some 
likely candidates include hormonal regulation, gene expression, and epigenetic modifications. 
All of these processes should be explored in the context of gene regulatory developmental 
networks [165] to elucidate the developmental changes that facilitate the transition from 
environmental induction to canalization [166]. In sum, amphibians adapting to an ever-changing 
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Fig. 4.1. How plasticity can facilitate the evolution of a novel, complex phenotype. (a) A 
genetically diverse population (different colors: different genotypes) (b) experiences a novel 
environment (shading), which induces novel phenotypes (dashed lines), but genotypes differ in 
whether and how they respond (different shapes). (c) Selection acts on this formerly cryptic 
genetic variation (revealed by a change in environment) and disfavors genotypes that produce 




phenotype (enlargement of the blue tadpole). (e) If individuals produce either this novel 
phenotype or the ancestral phenotype depending on their environment, then the result is a novel 
polyphenism. (f) Alternatively, selection might favor the loss of plasticity (i.e., genetic 
assimilation), resulting in a novel phenotype that is produced regardless of the environment 











Fig. 4.2. A model amphibian for studying PFE. (a) Spadefoots from the southwestern U.S. (such 
as this Couch’s spadefoot toad, Scaphiopus couchii) typically breed in (b) temporary rain-filled 
ponds. (c) This harsh environment has favored rapid, but environmentally sensitive, development 






Fig. 4.3. North American spadefoot toads of the genus Spea have evolved a unique resource 
polyphenism. (a) Like most anuran tadpoles, spadefoots normally develop into a typical 
‘omnivore’ morph by default (pictured on the left). However, if a young tadpole ingests large 
animal prey, such as Anostracan fairy shrimp (center), it might develop into a novel carnivore 
morph (right). (b) Among other novel features, carnivores develop a keratinized beak, which 






Fig. 4.4. Plasticity can generate phenotypic divergence within species as great as that between 
species. Depending on their diet, spadefoot toad tadpoles in the genus Spea develop into either 
an omnivore morph or a carnivore morph (see Fig. 4.3). An analysis of body shape reveals that 
these two morphs (in this case, within Sp. multiplicata) are as divergent as are the tadpoles of 
different genera of spadefoot toads (numbers denote least squares mean differences between 





GENETIC ACCOMMODATION IN THE WILD: EVOLUTION OF GENE 
EXPRESSION DURING CHARACTER DISPLACEMENT 
 
Co-authors: Antonio Serrato-Capuchina, David W. Pfennig 
Introduction 
 Darwin [1] first proposed that the origin of species, and the evolution of trait differences 
between them, stem ultimately from divergent natural selection that minimizes competitive 
interactions between initially similar populations. Such trait evolution that arises as an adaptive 
response to resource competition between species--a process now dubbed ‘ecological character 
displacement’--can thereby explain how new species arise, diversify, and coexist [2-5]. Yet, 
ecological character displacement’s underlying proximate mechanisms remain poorly understood 
[6].  
 At the mechanistic level, ecological character displacement has traditionally been 
assumed to arise solely through an evolutionary change in the frequencies of underlying 
genotypes or alleles (e.g., [2,3,7,8]; for an empirical example, see [9]).  Indeed, one of the 
widely-cited criteria for demonstrating ecological character displacement is that the phenotypic 
change must be shown to reflect a genetic change [10]. However, ecological character 
displacement need not arise through changes in DNA coding sequence. Instead, it might 
alternatively be mediated by phenotypic plasticity.  
To understand how ecological character displacement could arise through phenotypic 
plasticity, consider that many species can respond adaptively to interspecific competition by 




rapid, widespread, and adaptive divergence between competing species [11-13]. Ecological 
character displacement might therefore arise when selection favors the evolution of ‘reaction 
norms’ that lessen interspecific competition (where a 'reaction norm' refers to the set of 
phenotypes expressed by a single genotype under different environmental conditions; sensu 
[14]). 
 The above two proximate mechanisms are not mutually exclusive, however, and they 
might often act in concert to promote the evolution of ecological character displacement [5]. 
Indeed, character displacement might often evolve from an initial phase in which trait divergence 
is environmentally induced to a later phase in which this divergence becomes genetically 
canalized [15]. Such a process might come about if: 1) underlying genetic variation exists in the 
tendency or manner in which individuals respond to interspecific competition (i.e., if different 
genotypes exhibit different reaction norms); 2) selection acts on this variation and, by promoting 
quantitative genetic changes, refines these induced resource-use traits over time (a process 
known as ‘genetic accommodation’; sensu [11]); and 3) under recurrent selection to minimize 
interspecific competition, such environmentally induced resource-use traits eventually evolve to 
become ‘fixed’ in the population. In other words, resource-use traits might undergo an extreme 
form of genetic accommodation known as ‘genetic assimilation’ (sensu [16]) in which ancestral 
plasticity is lost. This loss of plasticity, and subsequent fixation of the favored trait through 
genetic assimilation, can proceed via at least two routes. First, when maintenance or expression 
of plasticity is costly [17,18], selection can actively eliminate it, causing the favored phenotype 
to be fixed in the population. Second, plasticity can be lost through mutational degradation or 
genetic drift [19], as might occur when non-favored phenotypes are seldom expressed and 




assimilation provides a mechanism whereby character displacement could evolve from an initial 
phase in which trait divergence is environmentally induced to a later phase in which this 
divergence is genetically fixed. Although this ‘plasticity-first’ hypothesis for the evolution of 
character displacement has garnered increasing empirical support [5], little is known of the 
underlying mechanisms by which plasticity is gained or lost [23-25]. 
 A plausible mechanism of plasticity-first evolution is via evolutionary changes in the 
degree of plasticity in gene expression--specifically, in amount of gene product [26]. Gene 
expression is often environment-specific [17,27-31]. Moreover, evolutionary shifts in gene 
expression are increasingly viewed as important in mediating population divergence [30,32-34]. 
If selection is persistent and coarse-grained (where each individual encounters the same selective 
environment), then formerly induced differences in gene expression might ultimately become 
fixed. 
 Spadefoot toads are ideal for exploring these issues. Spadefoots of the genus Spea 
normally produce alternative, diet-induced, larval ecomorphs that utilize different dietary 
resources: ‘omnivores,’ which eat mostly detritus (and are the default morph), and ‘carnivores,’ 
which are induced by, and specialize on, shrimp and other tadpoles [35-37]. In addition to 
differing in diet, these two morphs differ in morphology (carnivores are larger than omnivores in 
body size and have proportionally larger jaw muscles, a more serrated keratinized beak, and a 
shorter gut); development rate (carnivores develop faster and achieve metamorphosis sooner than 
omnivores); and behavior (carnivores are solitary, active swimmers, whereas omnivores are 
gregarious, sluggish swimmers; [38,39]). 
 In the southwestern U.S., Plains spadefoot toads, Spea bombifrons, and Mexican 




other, potentially via genetic accommodation/assimilation [40-44]. Specifically, in regions where 
they occur alone (i.e., allopatry), S. bombifrons maintains plasticity to produce both omnivores 
and carnivores. In contrast, in regions where S. bombifrons co-occurs with S. multiplicata (i.e., 
sympatry), selection to minimize interspecific competition for detritus has caused S. bombifrons 
to become nearly fixed for producing carnivores only. Indeed, even when reared in the lab, S. 
bombifrons tadpoles from sympatric populations are more carnivore-like than conspecifics from 
allopatric populations from birth (D. Pfennig; unpubl. data). Because these two species have 
come into secondary contact [44], allopatry (where carnivore-omnivore plasticity is present) 
represents the ancestral condition, whereas sympatry (where this plasticity has been nearly lost) 
represents the derived condition.  
 Two lines of evidence indicate that this shift in morph production and plasticity 
constitutes ecological character displacement; i.e., that competitively mediated selection has 
caused this divergence. First, controlled experiments in the lab reveal that individual tadpoles 
that are the most similar in resource use to the other species have the lowest fitness when 
engaged in interspecific competition for food, suggesting that selection would disfavor these 
individuals in sympatric populations [43]. Second, estimates of selection in the wild reveal that, 
in contrast to allopatry (where disruptive selection favors both morphs within each species), in 
sympatry directional selection favors only carnivores in S. bombifrons [43,45-47]. 
 The shift in levels of plasticity from allopatry to sympatry (i.e., ecological character 
displacement) appears to reflect genetic accommodation. Specifically, experiments have shown 
that plasticity-mediated shifts in ancestral (allopatric) populations mirror the more highly 
canalized trait differences observed in derived (sympatric) populations that have undergone 




exposed to S. multiplicata facultatively produced mostly carnivores [40,41], which mirrors 
ecomorph production among S. bombifrons in natural sympatric populations (see above). Spea 
bombifrons produce more carnivores in the presence of S. multiplicata, because they are more 
effective at capturing and consuming shrimp [40], which induces the carnivore ecomorph. Thus, 
in sympatric populations of S. bombifrons, an environmentally induced ecomorph (the carnivore 
ecomorph) has been converted into more highly canalized version of this morph through an 
evolutionary adjustment in regulation of trait expression. In other words, character displacement 
appears to have arisen through genetic accommodation generally and genetic assimilation 
specifically [40,41,48].  
 Among the likely molecular targets of character displacement in this system are genes 
associated with these two ecomorphs, especially those that are normally expressed more highly 
in one ecomorph than in the other. Such genes should be particularly prone to experience genetic 
accommodation, because the more frequently a gene is expressed phenotypically (and, thereby, 
exposed to selection), the stronger the selection on that gene [11,49]. Thus, in a population where 
a particular ecomorph is recurrently favored (e.g., the carnivore morph in sympatric populations 
of S. bombifrons), any gene regulating the form or frequency of that ecomorph should undergo 
genetic accommodation regardless of whether it is a ‘switch’ gene (i.e., a gene that determines 
morphotype) or a ‘downstream’ gene (i.e., a gene involved in morphotype functionality). 
Essentially, genetic accommodation of a complex phenotype should occur at numerous loci, as 
genes encoding diverse functions become finely tuned by selection to produce a phenotype well-
adapted to local environmental conditions [29,50-52]. 
 Leichty et al. [53] identified 25 such biased genes in Spea (in these experiments, S. 




differences in gene expression were associated with different trophic morphologies per se and 
not dietary differences). These genes were classified either as ‘carnivore-biased’ (if they had 
significantly higher expression in carnivores than in omnivores) or ‘omnivore-biased’ (if they 
had significantly higher expression in omnivores than in carnivores). Based on what is known 
about the functions of these 25 genes (see [53]), most (if not all) are likely crucial in ecomorph 
functionality. Therefore, these candidate genes can be targeted by selection to ultimately result in 
genetic accommodation as carnivore-omnivore plasticity undergoes adaptive evolution during 
character displacement.  
 Here, we used the spadefoot system to evaluate whether evolutionary shifts in gene 
expression plasticity accompany--and possibly mediate--the observed character displacement. 
We specifically sought to test the prediction that morph-biased genes have undergone 
evolutionary shifts in gene expression plasticity in S. bombifrons inhabiting sympatric (derived) 
populations vs. allopatric (ancestral) populations. As we describe below, our results validated 
this prediction, suggesting that genetic accommodation of gene expression plasticity might play a 




 We bred six pairs of S. bombifrons that had been collected in the wild in the southwestern 
USA and that had been part of an established laboratory colony at the University of North 
Carolina, Chapel Hill, for 1-2 years. Three pairs of adults had been collected from several 
populations near Willcox, Arizona. This is a region in which S. bombifrons does not co-occur 




produce both omnivores and carnivores [43]. The other three pairs were collected from several 
populations near Rodeo, New Mexico. This is a region in which S. bombifrons does co-occur 
with S. multiplicata (representing sympatry), and in which S. bombifrons are under selection to 
produce only carnivores [43]. Indeed, tadpoles from these sympatric populations have nearly lost 
the plasticity to produce both omnivores and carnivores [48]. The two collection sites (Willcox 
and Rodeo) are about 80 km apart. Importantly, these are the main two sites in which the 
aforementioned studies of ecological character displacement had been conducted. 
 Breeding was induced by injecting the adults with 70µL lutenizing hormone releasing 
hormone agonist (Sigma L2761) and leaving the pairs overnight in nursery tanks. The resulting 
tadpoles were fed crushed fish food ad libitum until they were eight days old (fish food simulates 
in form and nutrition the detritus on which Spea feed in in natural ponds; see [54]). At that point 
in time, a subset of tadpoles was selected from each family and divided haphazardly into one of 
two diet treatments (described below). 
 
Experimental Design 
 We utilized a common garden design to determine if S. bombifrons from allopatry vs. 
sympatry (hereafter, different ‘selective environments’ or ‘origins’) have evolved differences in 
the expression of biased genes. To do so, we assigned 10 tadpoles from each family into one of 
two diet treatments: crushed fish food (hereafter, ‘detritus’) alone or shrimp and detritus. 
Tadpoles were reared individually, and detritus-fed tadpoles received 10mg of detritus every 
other day and shrimp + detritus fed tadpoles received 5mg of detritus every other day as well as 
20 live adult brine shrimp twice daily (brine shrimp simulate the fairy shrimp on which wild 




of 9 tadpoles per treatment from each selective environment), placed them for 30 sec. in a 0.1% 
aqueous solution of tricaine methanesulfonate (MS-222), and immediately flash froze them in 
liquid nitrogen. These tadpoles were then stored them at -80°C until homogenization (~2-3 
months). Thus, our samples consisted of 2-4 tadpoles (three on average) per family from six 
families from two diet treatments (N = 36). Based on data from previous, similar experiments, 
tadpoles likely had an SVL of ~13mm, a mass of ~0.45g, and were approximately Gosner stage 
36-37.  
 
RNA Extraction and cDNA Synthesis 
 Based on a modified version of the protocol by Leichty et al. [53], we extracted total 
RNA from whole tadpoles using a combination of TRIzol Reagent and the Ambion PureLink 
RNA Mini Kit (ref: 12183025). All samples were submerged in 1 mL TRIzol Reagent and 
homogenized with a rotor stator tissue homogenizer and refrozen at -80°C until RNA extraction 
three years later. Following extraction and treatment with DNase, we visually evaluated RNA 
quality on a denaturing TAE agarose gel according to Masek et al. [55] and determined RNA 
purity and concentration using a NanoDrop 2000 (Thermo Scientific) (Table 5.1). For samples of 
adequate quality and purity, we reverse transcribed 600 ng of total RNA using the BioRad iScript 
Reverse Transcription Supermix for RT-qPCR (Cat. # 1708841). Reverse transcription reactions 
consisted of 4 µL iScript RT Supermix, 600 ng of total RNA, and enough nuclease-free water to 






 We focused on nine biased genes plus one, unbiased, ‘control’ gene (Table 5.2). We 
selected these nine genes from the 25 total biased genes identified by Leichty et al. [53], because 
these nine genes represented various functional groups. Specifically, these nine genes have been 
implicated in regulatory (Btf3 and Tbx15), metabolic (Pm20d2, Pnlip, and Amy2a), structural 
(Col2a and Col9a), and immunity (Mug1 and Pglyrp1) functions.  
 We performed RT-qPCR on these 10 genes using 20 µL reactions of the BioRad iTaq 
Universal SYBR Green Supermix (Cat. # 172-5121) and its recommended cycle conditions for a 
standard run on a StepOnePlus thermocycler (Applied Biosystems cat. #: 4376600). Melt curve 
analysis was also performed for each well to evaluate primer specificity. Reaction components, 
conditions, and primer sequences are provided in Tables 5.3, 5.4, and 5.5, respectively. When 
possible, we used intron-spanning primers to reduce or eliminate the possibility of any nuclear 
DNA amplification during PCR. 
 Our plate setup used a sample maximization design. Specifically, for each gene, we ran 
five individual tadpoles per treatment on one plate. The remaining four individuals per treatment 
were run on a second plate (one ‘calibrator’ individual per treatment from the first plate was also 
run on the second plate). Interplate calibration [56] was performed using GenEX version 6 
(MultiD Analyses AB). Each tadpole was run in triplicate, and each plate contained no reverse 
transcription, no template, and no SYBR controls in duplicate. For statistical analysis, we 
omitted readings that the machine called outliers (a replicate that is significantly smaller or larger 
than the others) or produced large standard deviation warnings (Cq standard deviation > 0.5). We 
excluded individuals with fewer than two valid technical replicates.  
 We normalized our qPCR data according to Rieu and Powers [57]. Specifically, we first 







Cq is the quantification cycle (i.e., the cycle where the threshold level of fluorescence is met 
according to instrument defaults). We then normalized RQ values by dividing them by the RQ of 
a reference gene (glyceraldehyde-3-phosphate dehydrogenase or GAPDH). We then took the log 
base 2 (log2) of these normalized values to obtain values (termed Cq´) that were used for 
subsequent analysis. Cq´ is the relative quantity of gene product normalized to an endogenous 
control whose expression is invariant across treatments.  
 
Statistical Analysis 
 For each gene, the relationship among diet, selective environment (i.e., origin: sympatry 
vs. allopatry), and expression level was evaluated using linear mixed-effects models fitted with 
maximum likelihood in the lme4 package of R [58]. ‘Diet’ and ‘Origin’ (i.e., selective 
environment) were fixed categorical variables and ‘Family’ was a random effect. We compared a 
null model that contained only the random effect to single-factor models that retained the random 
effect and included either diet or origin as a fixed effect, and to two-factor models (with and 
without an interaction term). A model was called the ‘best model’ if it had the lowest AICc value 
and a likelihood ratio test (using the function ‘anova’ in R) indicated that it was significantly 
better than the null model (Table 5.6). The biological interpretation of each model is discussed 
below. 
 If there is no diet-dependent plasticity in gene expression and there has been no evolution 
of gene expression between selective environments, then the null model is considered the best fit. 
In contrast, if diet alone is the best model, then detritus- and shrimp-fed tadpoles have different 
levels of gene expression (i.e., there is diet-dependent plasticity in gene expression), but there 




remaining models is deemed the best, then this would indicate an evolved shift in gene 
expression owing to selection--i.e., genetic accommodation has occurred (sensu [11]; for a 
discussion of genetic accommodation in the context of gene expression, see [27,59]). 
Specifically, if origin is the best predictor, then this would indicate that overall expression is 
different between selective environments, but there is no diet-dependent plasticity in gene 
expression. The additive model (containing both diet and origin as fixed effects) being the best 
would show that there is parallel, diet-dependent plasticity in gene expression in both selective 
environments, but that the overall expression in the derived environment has evolved to be 
greater or less than in the ancestral environment. Finally, if the model containing the interaction 
between diet and origin is the best, then this would indicate non-parallel reaction norms between 
selective environments that may or may not have differences in elevation. Essentially, this is the 
catch-all model for any evolved change in the direction and magnitude of gene expression 
plasticity. As one example, if tadpoles from the allopatric (ancestral) selective environment show 
diet-dependent plasticity in gene expression, but tadpoles from the sympatric (derived) selective 
environment do not, then this would indicate evolution by genetic assimilation. Note, however, 
that genetic assimilation is only one of several alternative patterns of evolved gene expression 
associated with genetic accommodation of the carnivore ecomorph (see Fig. 5.1).  
 In addition to these tests on individual genes, we performed a comprehensive model 
selection procedure by constructing fifteen mixed-effects models to predict amount of gene 
expression (Cq’). These models contained individual as a random effect (to account for repeated 
measures on the same individual) and all possible combinations of the fixed effects “gene 
identity”, “diet”, and “origin” (i.e., selective environment). We fitted models with maximum 




‘anova’) to determine how each model performed relative to a null model containing no fixed 
effects. The best model was selected as above. 
 We then evaluated the importance of diet on overall gene expression between the two 
selective environments. For these tests, we expected reduced sensitivity to diet differences for 
individuals from sympatry because tadpoles from this selective environment do not utilize 
alternative food resources as often as individuals from allopatry and, therefore, selection might 
have acted to canalize their patterns gene expression. We performed a principal component 
analysis (using the function ‘prcomp’ in the ‘stats’ package in R) on a cross-correlation matrix of 
all family-independent Cq´ prime values to obtain a composite metric of each individual’s gene 
expression (i.e., PC1 and PC2; hereafter: ‘gene expression profile’). No varimax rotation was 
used. 
 We first tested the expectation that individuals from the sympatric selective environment 
have reduced sensitivity to diet by generating 99% confidence ellipses around the gene 
expression profiles for the different diet treatments and comparing the number of individuals in 
the region of overlap between the allopatric and sympatric selective environments in JMP Pro 
(version 12.0.1). The density ellipses are computed from the bivariate normal distribution fit to 
the X and Y variables (i.e., PC1 and PC2, respectively). The bivariate normal density is a 
function of the means and standard deviations of the X and Y variables and the correlation 
between them. In short, the ellipses show where a given percentage of the data is expected to lie, 
assuming the bivariate normal distribution. Tadpoles found in the ellipse of only one diet 
treatment were considered to have more diet-dependent gene expression than individuals who 




the number of tadpoles with diet-dependent (i.e., only in one ellipse) versus diet-independent 
(i.e., in both ellipses) was significantly different in allopatry than in sympatry. 
 For each selective environment, we then performed 1000 iterations of randomized 
residual permutation procedure (RRPP; [60]) to determine if our diet treatments differed in their 
gene expression profile in R (version 3.1.2). Briefly, RRPP acts as a non-parametric version of 
an ANOVA with a post-hoc test by extracting the residuals of a null model, randomly pairing 
them with fitted values, and using these pseudorandom data to calculate pairwise distances using 
the full model. By repeating this process 1000 times, we were able to determine the probability 
of finding differences equal to or greater than our observed distances. This procedure generates 
an F-statistic that is the ratio of error variance between the reduced and a full model and the error 




 Our analyses revealed that our nine biased genes differed in how their expression level 
was affected by diet and selective environment (Table 5.2). For two genes (Pm20d2 and Btf3), 
we found both an effect of diet as well as evidence of evolved shifts in gene expression between 
selective environments. In other words, for these two genes, we found evidence of genetic 
accommodation. However, this genetic accommodation was manifested in different ways in each 
of these genes. For Pm20d2 (a carnivore-biased gene) both selective environments showed the 
expected pattern of diet-dependent expression, but individuals from sympatry had lower overall 
expression than individuals from allopatry (Fig. 5.2). By contrast, Btf3 (also a carnivore-biased 




the two selective environments (i.e., allopatry). In other words, for this gene, there was a 
significant interaction between diet and selective environment. This interaction was driven by an 
increased expression on shrimp than on detritus among individuals from allopatry, but no such 
diet-dependent difference in expression among individuals from sympatry; i.e., the diet-
dependent plasticity present in the ancestral allopatric populations was lost in the derived 
sympatric populations.  
 For three additional genes (Tbx15, Pnlip, and Mug1), diet was the only significant 
predictor of expression level.  For two of these genes, the diet-induced expression patterns were 
consistent with the prior morph-biased designations of [53]. In particular, Tbx15 (a carnivore-
biased gene) showed higher expression levels in tadpoles that were fed shrimp, whereas Pnlip 
(an omnivore-biased gene) showed higher expression levels in tadpoles that were fed detritus 
alone. By contrast, for Mug1 (an omnivore-biased gene), the diet-induced expression patterns 
were opposite of that predicted: this gene showed a higher expression level in tadpoles that were 
fed shrimp compared to tadpoles that were fed detritus only. Thus, Mug1 showed a pattern 
suggestive of a carnivore-biased gene, not an omnivore-biased gene (Fig. 5.3). 
Finally, for the remaining four genes (Amy2a, Col2a1, Col9a1, and Pglyrp1), we found that 
expression level did not differ between diets or selective environments. For these genes, the null 
model was the best fit. However, for Col2a1, the diet model was nearly significantly the best:  
this model had the lowest AICc value and was nearly significantly different from the null (χ21 = 
3.4696, P = 0.06251). 
 Our comprehensive model selection procedure largely corroborated these observations. 
The top model indicated that there was a significant gene*diet interaction (Table 5.7). As noted 




also had the gene*diet interaction term, but included the origin (i.e., selective environment: 
allopatry or sympatry) term as well. This model had a ΔAICc from the top model of 0.819 and 
was also significantly better than the null model (Table 5.7). This also corroborates the above 
observations because only two of our genes (Pm20d2 and Btf3) showed any significant effect of 
origin. If more genes had a significant effect of origin, then this model (or the 3-way interaction 
model) would likely have had greater support. 
 We also evaluated whether the gene expression profile of tadpoles from sympatric 
(derived) populations had evolved to be less sensitive to diet than tadpoles from allopatric 
(ancestral) populations. In constructing each individual tadpole’s gene expression profile (see 
Methods), we found that PC1 and PC2 explained 44.39% and 22.93% of the variation, 
respectively. Our first assessment revealed that diet had a greater influence on gene expression 
profile of tadpoles from the ancestral allopatric populations than tadpoles from the derived 
sympatric populations (Fisher’s exact P = 0.0178). Specifically, whereas 40% of tadpoles from 
allopatric populations had gene expression profiles falling in the 99% confidence ellipse of only 
one diet treatment (i.e., they were diet-specific), none of the gene expression profiles of tadpoles 
from sympatric populations were in a single ellipse (i.e., they were diet-independent; Fig. 5.4).  
 Our additional test had similar results: the gene expression profiles of tadpoles from 
allopatric populations reared on different diets were significantly different (F1,13 = 5.1862, P = 
0.02), but the gene expression profiles of tadpoles from sympatric populations were not 
significantly different (F1,11 = 0.7792, P = 0.445). For reference, diet-related differences in gene 
expression profile separated out primarily along PC1 (8/9 genes loaded heavily with PC1), and 
selective environment differences were primarily along PC2 (5/9 genes loaded heavily with PC2) 




environments. These data suggest that tadpoles from the derived sympatric populations have lost 




 We evaluated the ‘plasticity-first’ hypothesis for the evolution of character displacement 
[5], which holds that character displacement evolves from an initial phase in which trait 
divergence is environmentally induced to a later phase in which divergence undergoes genetic 
assimilation (sensu [16]). We did so by exploring the evolution of gene expression plasticity in 
natural populations of spadefoot toads, Spea bombifrons, that have undergone character 
displacement with a congener, possibly via genetic assimilation (see [48]). Using this system, we 
asked whether evolved shifts in gene expression plasticity mirror shifts in production of 
alternative ecomorphs (i.e., omnivores and carnivores) during character displacement. We found 
that, individually, different genes displayed different patterns of gene regulatory evolution, 
including genetic assimilation. However, the combined gene expression profiles revealed that 
individual tadpoles from the derived, sympatric populations had indeed lost the diet-induced 
gene expression plasticity present in individual tadpoles from the ancestral, allopatric 
populations. In other words, the overall gene expression profiles showed evidence of genetic 
assimilation. Our data therefore: 1) provide one of the few examples from natural populations in 
which genetic accommodation/assimilation can be traced to regulatory changes in specific genes; 
and 2) support the ‘plasticity-first’ hypothesis for the evolution of character displacement. We 




 The main goal of our study was to determine if any of the candidate genes used in our 
study showed evidence of evolved shifts in gene expression reaction norms (as in [30,28,61,62]). 
Specifically, we evaluated whether any of the previously identified carnivore and omnivore-
biased genes [53] showed an evolutionary increase or decrease in gene expression plasticity. We 
found evidence of such a molecular signature of genetic accommodation in two of the nine 
biased genes that we examined. However, these two genes differed from each other in how this 
genetic accommodation was manifested (for a classification scheme of different patterns of gene 
regulatory evolution that might contribute to genetic accommodation of a derived phenotype, see 
Fig. 5.1).  
 In particular, the carnivore-biased gene Pm20d2 has apparently evolved ‘conserved’ gene 
expression plasticity (sensu [59]), but at a reduced level in the sympatric (derived) selective 
environment (compare Fig. 5.2 with Fig. 5.1b). By contrast, the carnivore-biased gene Btf3 has 
apparently undergone genetic assimilation. For individuals from populations representing the 
ancestral condition (which represent the ancestral condition; see [63]), this gene showed diet-
dependent plasticity in gene expression: it was expressed more highly among individuals reared 
on both shrimp and detritus than among individuals reared on detritus alone (Fig. 5.3). However, 
this same gene was environmentally insensitive among individuals whose parents were from 
sympatry: in these derived populations, it was fixed at mid-level compared to its ancestral plastic 
expression in allopatric populations (compare Fig. 5.2 with Fig. 5.1e).  
 It is unclear why these two genes have evolved different reaction norms (i.e., undergone 
different forms of genetic accommodation), even though both are associated with the same 
complex phenotype undergoing genetic assimilation (the distinctive carnivore ecomorph). One 




network (GRN). Although the exact signaling pathway leading to the alternative ecomorphs in 
Spea remains to be determined, morph development likely begins with signal reception and 
physiological changes induced by diet (e.g., gut cell proliferation) [64] and then proceeds 
through a signal cascade of transcription factors and hormones [36,64-67]. Although the nine 
biased genes that we examined might only play a functional role in the fully developed 
ecomorph--and not in triggering a particular ecomorph’s development--they likely lie at different 
points in the same GRN and might, therefore, be subject to different patterns of selection. 
Indeed, studies of other systems have found similar opposing patterns of gene expression 
reaction norms during genetic accommodation (e.g., [28,68]), and these differences have also 
been attributed to GRN complexity [17,28,50,61]. 
 In the present case, Pm20d2, a carnivore-biased metabolic gene encoding a protein with a 
peptidase domain (carnivores consume more protein that omnivores), might have evolved 
reduced overall expression if selection has increased the efficiency with which these proteins 
break down peptides (which would presumably require fewer peptidases). This is certainly 
possible since a key prediction of genetic accommodation is that phenotypes should experience 
increased adaptive refinement (i.e., functional improvement) in derived lineages that are more 
frequently exposed to selection (e.g., our sympatric populations) [11,25]. The carnivore-biased 
transcription factor Btf3 might be important for regulating expression of other carnivore-biased 
genes. The loss of diet-induced plasticity in gene expression in this gene might ensure that 
tadpoles in the sympatric selective environment develop into carnivores, regardless of their early 
diet. Such a loss of diet-induced plasticity in gene expression is likely favored in sympatry, given 




selective environment [43]. Further study is needed to explain the exact role these genes play in 
carnivore ecomorph function and why they evolved these particular expression patterns.  
 In addition to evidence of genetic accommodation -- and even of genetic assimilation -- 
in specific genes, we found evidence that character displacement has also led to an overall 
pattern of genetic accommodation (and potentially genetic assimilation) for the combined gene 
expression in sympatric (derived) populations (Figs. 5.2 & 5.4). First, there were no individuals 
from sympatric populations whose gene expression profiles were unique to a particular diet (Fig. 
5.4). Moreover, the mean (centroid) gene expression profiles for each diet were not significantly 
different in the sympatric populations (Fig. 5.5). These patterns are in contrast to allopatric 
populations, where diet-dependent differences in gene expression profile were present. Thus, 
overall, individuals from the derived, sympatric populations seem to have lost the diet-induced 
gene expression plasticity present in ancestral allopatric populations, just as we had predicted 
(see Introduction).  
 Lastly, as part of this study, we also sought to determine if diet-dependent shifts in gene 
expression were present in carnivore- and omnivore-biased genes, and in the direction predicted. 
Specifically, because omnivores in the wild eat abundant detritus [69], we expected to find that 
the omnivore-biased genes that we examined would be expressed more highly when our tadpoles 
were fed a detritus diet. By contrast, because carnivores in the wild eat mostly shrimp [69], we 
expected to find that the carnivore-biased genes that we examined would be expressed more 
highly on the shrimp diet. As shown in Table 5.2, we found evidence for these predicted diet-
dependent shifts in gene expression in four genes: three carnivore-biased genes (Btf3, Tbx15, and 
Pm20d2) and one omnivore-biased genes (Pnlip). Interestingly, these genes have been 




contrast, we found either no such diet-dependent plasticity in gene expression (Col2a, Col9a, 
Amy2a, and Pglyrp1) or plasticity in the opposite direction of our expectations (Mug1). These 
genes have been implicated in structural (Col2a and Col9a), metabolic (Amy2a) or immunity 
(Mug1 and Pglyrp1) functions. Although the significance (if any) of these differences between 
genes belonging to different functional groups is unclear, future studies should examine whether 
genes belonging to certain functional categories are more likely to be environmentally responsive 
(e.g., see [17,27,70]). 
 In sum, our data thereby provide one of the few examples in which genetic 
accommodation/assimilation in natural populations can be traced to regulatory changes of 
specific genes (see also [28]). This finding is significant, because, despite evidence for genetic 
assimilation in the laboratory (e.g., [16,71]), its relevance in natural populations has been 
questioned [72,73]. Although there are a growing number of possible examples of genetic 
assimilation from the wild [25,74-78], studies have only recently begun to explore the 
mechanisms underlying genetic assimilation in natural populations [28,79-83]. Our data suggest 
that genetic assimilation of gene expression plasticity might be more common in mediating 
adaptive evolution than is generally appreciated.  
 More generally, if genetic assimilation is relatively common [76], then it might be 
relevant in many cases of ecological character displacement. Indeed, a scenario in which 
ecological character displacement has evolved from an initial phase in which trait divergence 
was environmentally induced to one in which divergence became genetically canalized might 
explain many well-known examples of character displacement, including in Anolis lizards 




are needed to determine if such a plasticity-first scenario (and, hence, genetic assimilation) is 







1  Darwin, C. (1859 (2009)). The annotated origin: a facsimile of the first edition of On the 
origin of species. (Costa, J.T., annot., 1st edn) Belknap Press of Harvard University Press 
2  Schluter, D. (2000) The ecology of adaptive radiation, Oxford University Press 
3  Dayan, T. and Simberloff, D. (2005) Ecological and community-wide character 
displacement: the next generation. Ecol. Lett. 8, 875-894 
4  Grant, P.R. and Grant, B.R. (2008) How and why species multiply: the radiation of 
Darwin's finches, Princeton University Press 
5  Pfennig, D.W. and Pfennig, K.S. (2012) Evolution's wedge: competition and the origins 
of diversity, University of California Press 
6  Pfennig, D.W. and Pfennig, K.S. (2012) Development and evolution of character 
displacement. Ann. N.Y. Acad. Sci.: Year Evol. Biol. 1256, 89-107 
7  Taper, M.L. and Case, T.J. (1985) Quantitative genetic models for the coevolution of 
character displacement. Ecology 66, 355-371 
8  Doebeli, M. (1996) An explicit genetic model for ecological character displacement. 
Ecology 77, 510-520 
9  Lamichhaney, S. et al. (2016) A beak size locus in Darwin’s finches facilitated character 
displacement during a drought. Science 352, 470-474 
10  Schluter, D. and McPhail, J.D. (1992) Ecological character displacement and speciation 
in sticklebacks. Am. Nat. 140, 85-108 
11  West-Eberhard, M.J. (2003) Developmental plasticity and evolution, Oxford University 
Press 
12  Galloway, L.F. and Etterson, J.R. (2007) Transgenerational plasticity is adaptive in the 
wild. Science 318, 1134-1136   
13  Turcotte, M.M. and Levine, J.M. (2016) Phenotypic plasticity and species coexistence. 
Trends Ecol. Evol. 31, 803-813 
14  Schlichting, C.D. and Pigliucci, M. (1998) Phenotypic evolution: a reaction norm 
perspective, Sinauer Associates 
15  Wilson, E.O. (1992) The diversity of life, Harvard University Press 





17  Snell-Rood, E.C. et al. (2010) Toward a population genetic framework of developmental 
evolution: the costs, limits, and consequences of phenotypic plasticity. Bioessays 32, 71-
81 
18  Murren, C.J. et al. (2015) Constraints on the evolution of phenotypic plasticity: limits and 
costs of phenotype and plasticity. Heredity 115, 293-301 
19  Masel, J. et al. (2007) The loss of adaptive plasticity during long periods of 
environmental stasis. Am. Nat. 169, 38-46 
20  Kawecki, T.J. (1994) Accumulation of deleterious mutations and the evolutionary cost of 
being a generalist. Am. Nat. 144, 833-838 
21  Whitlock, M.C. (1996) The red queen beats the jack-of-all-trades: the limitations on the 
evolution of phenotypic plasticity and niche breadth. Am. Nat. 148, S65-S77 
22  Van Dyken, J.D. and Wade, M.J. (2010) The genetic signature of conditional expression. 
Genetics 184, 557-570 
23  Sikkink, K.L. et al. (2014) Rapid evolution of phenotypic plasticity and shifting 
thresholds of genetic assimilation in the nematode Caenorhabditis remanei. G3 4, 1103-
1112 
24  Ehrenreich, I.M. and Pfennig, D.W. (2016) Genetic assimilation: a review of its potential 
proximate causes and evolutionary consequences. Ann. Bot. 117, 769-779 
25  Levis, N.A. and Pfennig, D.W. (2016) Evaluating 'plasticity-first' evolution in nature: key 
criteria and empirical approaches. Trends Ecol. Evol. 31, 563-574 
26  Gilbert, S.F. and Epel, D. (2015) Ecological developmental biology: integrating 
epigenetics, medicine, and evolution (2nd edn), Sinauer Associates 
27  Aubin-Horth, N. and Renn, S.C.P. (2009) Genomic reaction norms: using integrative 
biology to understand molecular mechanisms of phenotypic plasticity. Mol. Ecol. 18, 
3763-3780 
28  Scoville, A.G. and Pfrender, M.E. (2010) Phenotypic plasticity facilitates recurrent rapid 
adaptation to introduced predators. PNAS 107, 4260-4263 
29  Gunter, H.M. et al. (2013) Shaping development through mechanical strain: the 
transcriptional basis of diet-induced phenotypic plasticity in a cichlid fish. Mol. Ecol. 22, 
4516-4531 
30  Morris, M.R.J. et al. (2014) Gene expression plasticity evolves in response to 




31  McCairns, R.J.S. et al. (2016) The adaptive potential of subtropical rainbowfish in the 
face of climate change: heritability and heritable plasticity for the expression of candidate 
genes. Evol. Appl. 9, 531-545 
32  Pavey, S.A. et al. (2010) The role of gene expression in ecological speciation. Ann. N.Y. 
Acad. Sci.: Year Evol. Biol. 1206, 110-129 
33  Pfennig, D.W. et al. (2010) Phenotypic plasticity’s impacts on diversification and 
speciation. Trends Ecol. Evol. 25, 459-467 
34  Thibert-Plante, X. and Hendry, A.P. (2011) The consequences of phenotypic plasticity 
for ecological speciation. J. Evol. Biol. 24, 326-342 
35  Pfennig, D.W. (1990) The adaptive significance of an environmentally-cued 
developmental switch in an anuran tadpole. Oecologia 85, 101-107 
36  Pfennig, D.W. (1992) Proximate and functional causes of polyphenism in an anuran 
tadpole. Funct. Ecol. 6, 167-174 
37  Levis, N.A. et al. (2015) An inducible offense: carnivore morph tadpoles induced by 
tadpole carnivory. Ecol. Evol. 5, 1405-1411 
38  Bragg, A.N. (1965) Gnomes of the night: the spadefoot toads, University of Pennsylvania 
Press 
39  Pomeroy, L.V. (1981) Developmental polymorphism in the tadpoles of the spadefoot toad 
Scaphiopus multiplicatus, University of California 
40  Pfennig, D.W. and Murphy, P.J. (2000) Character displacement in polyphenic tadpoles. 
Evolution 54, 1738-1749 
41  Pfennig, D.W. and Murphy, P.J. (2002) How fluctuating competition and phenotypic 
plasticity mediate species divergence. Evolution 56, 1217-1228 
42  Pfennig, D.W. and Murphy, P.J. (2003) A test of alternative hypotheses for character 
divergence between coexisting species. Ecology 84, 1288-1297 
43  Pfennig, D.W. et al. (2007) Field and experimental evidence for competition's role in 
phenotypic divergence. Evolution 61, 257-271 
44  Rice, A.M. et al. (2009) Parallel evolution and ecological selection: replicated character 
displacement in spadefoot toads. Proc. R. Soc. B 276, 4189-4196 
45  Martin, R.A. and Pfennig, D.W. (2009) Disruptive selection in natural populations: the 




46  Martin, R.A. and Pfennig, D.W. (2010) Field and experimental evidence that competition 
and ecological opportunity promote resource polymorphism. Biol. J. Linn. Soc. 100, 73-
88 
47  Martin, R.A. and Pfennig, D.W. (2012) Widespread disruptive selection in the wild is 
associated with intense resource competition. BMC Evol. Biol. 12, 136 
48  Pfennig, D.W. and Martin, R.A. (2010) Evolution of character displacement in spadefoot 
toads: different proximate mechanisms in different species. Evolution 64, 2331-2341 
49  Roff, D.A. (1996) The evolution of threshold traits in animals. Q. Rev. Biol. 71, 3-35 
50  Hodgins-Davis, A. et al. (2012) Abundant gene-by-environment interactions in gene 
expression reaction norms to copper within Saccharomyces cerevisiae. Genome Biol. 
Evol. 4, 1061-1079 
51  Pfennig, D.W. and Ehrenreich, I.M. (2014) Toward a gene regulatory network 
perspective on phenotypic plasticity, genetic assimilation, and genetic accommodation. 
Mol. Ecol. 23, 4438-4440 
52  Schneider, R.F. et al. (2014) Regulatory gene networks that shape the development of 
adaptive phenotypic plasticity in a cichlid fish. Mol. Ecol. 23, 4511-4526 
53  Leichty, A.R. et al. (2012) Relaxed genetic constraint is ancestral to the evolution of 
phenotypic plasticity. Integr. Comp. Biol. 52, 16-30 
54  Pfennig, D.W. et al. (2006) Ecological opportunity and phenotypic plasticity interact to 
promote character displacement and species coexistence. Ecology 87, 769-779 
55 Masek, T. et al. (2005) Denaturing RNA electrophoresis in TAE agarose gels. Anal. 
Biochem. 336, 46-50 
56  Hellemans, J. et al. (2007) qBase relative quantification framework and software for 
management and automated analysis of real-time quantitative PCR data. Genome Biol. 8, 
R19 
57  Rieu, I. and Powers, S.J. (2009) Real-time quantitative RT-PCR: design, calculations, and 
statistics. Plant Cell 21, 1031-1033 
58  Bates, D. et al. (2014) Package ‘lme4’, R Foundation for Statistical Computing 
59  Renn, S.C.P. and Schumer, M.E. (2013) Genetic accommodation and behavioural 
evolution: insights from genomic studies. Anim. Behav. 85, 1012-1022 
60  Collyer, M.L. et al. (2015) A method for analysis of phenotypic change for phenotypes 




61  Alaux, C. et al. (2009) Honey bee aggression supports a link between gene regulation and 
behavioral evolution. PNAS 106, 15400-15405 
62  Ghalambor, C.K. et al. (2015) Non-adaptive plasticity potentiates rapid adaptive 
evolution of gene expression in nature. Nature 525, 372-375 
63  Rice, A.M. and Pfennig, D.W. (2008) Analysis of range expansion in two species 
undergoing character displacement: why might invaders generally "win" during character 
displacement? J. Evol. Biol. 21, 696-704 
64  Ledón-Rettig, C.C. et al. (2008) Ancestral variation and the potential for genetic 
accommodation in larval amphibians: implications for the evolution of novel feeding 
strategies. Evol. Dev. 10, 316-325 
65  Boorse, G.C. and Denver, R.J. (2003) Endocrine mechanisms underlying plasticity in 
metamorphic timing in spadefoot toads. Integr. Comp. Biol. 43, 646-657 
66  Ledón-Rettig, C.C. et al. (2009) Stress hormones and the fitness consequences associated 
with the transition to a novel diet in larval amphibians. J. Exp. Biol. 212, 3743-3750 
67  Ledón-Rettig, C.C. et al. (2010) Diet and hormone manipulations reveal cryptic genetic 
variation: implications for the evolution of novel feeding strategies. Proc. R. Soc. B 277, 
3569-3578 
68  Matzkin, L.M. (2012) Population transcriptomics of cactus host shifts in Drosophila 
mojavensis. Mol. Ecol. 21, 2428-2439 
69  Paull, J.S. et al. (2012) Increased competition as a cost of specialization during the 
evolution of resource polymorphism. Biol. J. Linn. Soc. 107, 845-853 
70  Hodgins-Davis, A. and Townsend, J.P. (2009) Evolving gene expression: from G to E to 
G x E. Trends Ecol. Evol. 24, 649-658 
71  Walworth, N.G. et al. (2016) Molecular and physiological evidence of genetic 
assimilation to high CO2 in the marine nitrogen fixer Trichodesmium. PNAS 113, E7367-
E7374 
72  Orr, H.A. (1999) An evolutionary dead end? Science 285, 343-344 
73  Wray, G.A. et al. (2014) Does evolutionary theory need a rethink? No, all is well. Nature 
514, 161-164 
74  Badyaev, A.V. (2005) Stress-induced variation in evolution: from behavioural plasticity 
to genetic assimilation. Proc. R. Soc. B 272, 877-886 
75  Aubret, F. and Shine, R. (2009) Genetic assimilation and the postcolonization erosion of 




76  Schwander, T. and Leimar, O. (2011) Genes as leaders and followers in evolution. Trends 
Ecol. Evol. 26, 143-151 
77  Diggle, P.K. and Miller, J.S. (2013) Developmental plasticity, genetic assimilation, and 
the evolutionary diversification of sexual expression in Solanum. Am. J. Bot. 100, 1050-
1060 
78  Schlichting, C.D. and Wund, M.A. (2014) Phenotypic plasticity and epigenetic marking: 
an assessment of evidence for genetic accommodation. Evolution 68, 656-672 
79  Badyaev, A.V. (2009) Evolutionary significance of phenotypic accommodation in novel 
environments: an empirical test of the Baldwin effect. Proc. R. Soc. B 364, 1125-1141 
80  Rohner, N. et al. (2013) Cryptic Variation in morphological evolution: HSP90 as a 
capacitor for loss of eyes in cavefish. Science 342, 1372-1375 
81  Martin, C.H. et al. (2016) Diabolical survival in Death Valley: recent pupfish 
colonization, gene flow and genetic assimilation in the smallest species range on earth. 
Proc. R. Soc. B 283, 20152334  
82  Parsons, K.J. et al. (2016) Foraging environment determines the genetic architecture and 
evolutionary potential of trophic morphology in cichlid fishes. Mol. Ecol. 25, 6012-6023 
83  Schrader, L. et al. (2017) Accelerated evolution of developmentally biased genes in the 
tetraphenic ant Cardiocondyla obscurior. Mol. Biol. Evol. 34, 535-544 
84  Losos, J.B. et al. (2000) Evolutionary implications of phenotypic plasticity in the 
hindlimb of the lizard Anolis sagrei. Evolution 54, 301-305 
85  Losos, J.B. (2009) Lizards in an evolutionary tree: ecology and adaptive radiation of 
Anoles, University of California Press 
86  Wund, M.A. et al. (2008) A test of the "flexible stem" model of evolution: ancestral 
plasticity, genetic accommodation, and morphological divergence in the threespine 
stickleback radiation. Am. Nat. 172, 449-462 
87  Grant, P.R. and Grant, B.R. (2006) Evolution of character displacement in Darwin's 
finches. Science 313, 224-226 
88  Nakagawa, S. and Schielzeth, H. (2013) A general and simple method for obtaining R2 
from generalized linear mixed effects models. Methods Ecol. Evol. 4, 133-142 
89  Johnson, P.C.D. (2014) Extension of Nakagawa & Schielzeth’s R2GLMM to random slopes 






Table 5.1. Concentration and purity values from RNA extractions of each tadpole. 
 
Individual ID Family Average Concentration (ng/µL) 260/280 260/230 
BAB1 1 664.6 2.02 1.97 
BAB2 1 671.7 1.99 2.03 
BAB3 1 528.4 2.16 2.28 
BAB4 2 973.8 1.83 1.66 
BAB5 2 746.3 2.12 2.24 
BAB6 2 193.4 1.86 1.35 
BAB7 3 573.8 1.99 2.01 
BAB8 3 430.6 2.00 2.04 
BAB9 3 522.2 2.03 2.13 
BAD1 1 193.5 1.96 1.75 
BAD2 1 441.5 2.01 1.99 
BAD3 1 330.8 2.00 2.00 
BAD4 2 839.4 2.03 1.98 
BAD5 2 491.4 2.04 2.16 
BAD6 2 589.8 2.04 2.07 
BAD7 3 430.4 2.00 1.89 
BAD8 3 543.4 1.99 1.72 
BAD9 3 404.5 2.01 2.01 
BSB1 4 949.3 2.06 2.02 
BSB2 4 662.4 2.07 2.15 
BSB3 4 1059.2 2.06 1.80 
BSB4 5 766.3 2.02 1.97 
BSB5 5 202.5 1.96 1.83 
BSB6 5 304.4 1.93 1.44 
BSB7 6 860.7 2.03 1.94 
BSB8 6 586.4 1.90 1.84 
BSB9 6 172.2 1.91 1.40 
BSD1 4 827.2 2.07 2.14 
BSD2 4 811.4 2.09 2.19 
BSD3 4 638.4 2.07 2.17 
BSD4 4 451.9 1.99 1.95 
BSD5 5 489.8 1.97 1.67 
BSD6 5 396.2 1.97 1.79 
BSD7 5 589.1 2.01 2.03 
BSD8 6 413.9 2.00 1.98 





Table 5.2. The nine biased genes (plus a non-biased control gene) examined in this study, along 
with the model that best predicted each gene’s pattern of expression and that model’s effect size.  
Gene Symbol Bias Functional group Best model† R2†† 
basic transcription 
factor 3 
Btf3 Carnivore Gene regulation Diet*Origin 0.264 
t-box transcription 
factor TBX15-like 
Tbx15 Carnivore Gene regulation Diet 0.172 
collagen, type II, 
alpha 1 
Col2a1 Carnivore Structural Null 0.000 
collagen alpha-1(IX) 
chain 
Col9a1 Carnivore Structural Null 0.000 
peptidase M20 
domain containing 




Pnlip Omnivore Metabolism Diet 0.139 
amylase, alpha 2A 
(pancreatic) 
Amy2a Omnivore Metabolism Diet*Origin 0.061 
mug1 protein Mug1 Omnivore Immunity Diet 0.158 
peptidoglycan 
recognition protein 1 







GAPDH  None 
(control) 
Metabolism --- --- 
† See methods for a discussion of the interpretation of the various models; ‘Origin’ refers to the 
selective environment of the focal tadpole’s parents (allopatry or sympatry). 
†† R2  refers to the marginal effect size (i.e., R2 of only fixed effects) of the best supported model; 




















Table 5.3. Reaction components for qPCR. 
 
Component Volume (µL) 
Final Concentration 
(per µL) 
iTaqTM universal SYBR® Green supermix (2x)  10 1X 
Forward and reverse primers (10 µM) 1 (each) 500nM 
cDNA template (3 ng/µL) 2 300 pg 









































Table 5.4. Reaction conditions for qPCR. 
 























Table 5.5. Genbank accessions, Gene ID, and qPCR primer sequences for each gene. 
 
Gene Accession Gene ID Left Primer Sequence (5'-3') Right Primer Sequence (5'-3') 























































Table 5.6. Results from our model selection procedure for each gene. The bolded model for each 
gene had the lowest AICc score and was significantly different from the null. All models 
included family as a random effect. “Chi-Square” refers to the test statistic (χ2) from the 
likelihood ratio test between a given model and the null, and P value indicates the significance of 
that test. 
Btf3 Model AICc value Chi-Square  Df P value 
 Diet*Environment 95.3657 11.9040 3 0.007719 
 Diet+Environment 102.6852 1.6882 2 0.43 
 Diet 100.1165 1.5471 1 0.2136 
 Environment 101.5286 0.1351 1 0.7132 
  Null 99.1233 --- --- --- 
Tbx15 Model AICc value Chi-Square  Df P value 
 Diet*Environment 121.1113 7.2651 3 0.06391 
 Diet+Environment 118.3052 7.1746 2 0.02767 
 Diet 115.7851 6.9851 1 0.008219 
 Environment 122.6141 0.1561 1 0.6928 
  Null 120.2299 --- --- --- 
Col2a1 Model AICc value Chi-Square  Df P value 
 Diet*Environment 103.9211 4.6850 3 0.1964 
 Diet+Environment 101.2945 4.4151 2 0.11 
 Diet 99.5303 3.4696 1 0.06251 
 Environment 102.1363 0.8635 1 0.3527 
  Null 100.4595 --- --- --- 
Col9a1 Model AICc value Chi-Square  Df P value 
 Diet*Environment 110.4239 2.6293 3 0.4524 
 Diet+Environment 108.0356 2.1210 2 0.3463 
 Diet 106.7015 0.7455 1 0.3879 
 Environment 106.0965 1.3505 1 0.2452 
  Null 104.9067 --- --- --- 
Pm20d2 Model AICc value Chi-Square  Df P value 
 Diet*Environment 117.1620 11.6270 3 0.008775 
 Diet+Environment 114.8733 11.0200 2 0.004047 
 Diet 115.9325 7.2506 1 0.007088 
 Environment 119.4877 3.6954 1 0.05456 
  Null 120.6428 --- --- --- 
Pnlip Model AICc value Chi-Square  Df P value 




 Diet+Environment 138.9425 4.3377 2 0.114 
 Diet 135.9576 4.3345 1 0.037 
 Environment 138.9425 0.0082 1 0.928 
  Null 137.553 --- --- --- 
Amy2a Model AICc value Chi-Square  Df P value 
 Diet*Environment 202.7903 2.1746 3 0.537 
 Diet+Environment 200.5956 1.4384 2 0.487 
 Diet 198.7007 0.5975 1 0.44 
 Environment 198.5018 0.7965 1 0.372 
  Null 196.7391 --- --- --- 
Mug1 Model AICc value Chi-Square  Df P value 
 Diet*Environment 140.2507 9.1843 3 0.027 
 Diet+Environment 139.3563 7.1820 2 0.028 
 Diet 137.2964 6.5323 1 0.011 
 Environment 143.1349 0.6938 1 0.405 
  Null 141.2884 --- --- --- 
Pglyrp1 Model AICc value Chi-Square  Df P value 
 Diet*Environment 166.4598 2.5016 3 0.475 
 Diet+Environment 163.5727 2.4922 2 0.288 
 Diet 161.6449 1.7103 1 0.191 
 Environment 162.5976 0.7576 1 0.384 














Table 5.7. Results from our comprehensive model selection procedure. The bolded models 
lowest AICc scores and were significantly different from the null model. All models included 
individual as a random effect. “G” refers to the term gene identity. “D” refers to the term diet. 
“O” refers to the term origin (i.e., selective environment: allopatry or sympatry). 
Model df AICc χ2 P value 
G*D*O 38 1315.761 353.39 <2.2e-16 
G*D 20 1288.325 336.95 <2.2e-16 
G*O 20 1305.623 319.65 <2.2e-16 
D*O 6 1593.192 1.4939 0.6837 
G*D+O 21 1289.144 338.42 <2.2e-16 
G*O+D 21 1307.787 319.78 <2.2e-16 
D*O+G 14 1298.89 312.92 <2.2e-16 
G+D+O 13 1297.437 312.19 <2.2e-16 
G+D 12 1296.595 310.85 <2.2e-16 
G+O 12 1295.393 312.05 <2.2e-16 
D+O 5 1591.567 1.04 0.5945 
G 11 1294.565 310.72 <2.2e-16 
D 4 1590.433 0.1086 0.7418 
O 4 1589.605 0.9372 0.333 
Null 3 1588.49 --- --- 
df refers to the model degrees of freedom; χ2 is the test statistic from the likelihood ratio test of a given 











Table 5.8. Loadings of each gene’s expression onto PC1 and PC2 of the gene expression profile. 
Bolded values (all values greater than 0.5) are considered to be strongly associated with a given 
PC. 
Gene PC1 PC2 
Btf3 0.67535 0.25749 
Tbx15 -0.77970 0.50495 
Col2a1 -0.62281 0.55536 
Col9a1 0.41992 0.66628 
Pm20d2 0.84201 0.27077 
Pnlip 0.72593 0.20681 
Amy2a 0.73695 -0.05980 
Mug1 0.54321 0.61265 





Fig. 5.1. Alternative hypothesized patterns of evolved gene expression associated with genetic 
accommodation of an ancestrally plastic phenotype. Each panel depicts the reaction norms of 
ancestral (solid line) and derived lineages (dashed line[s]). Note that, within each category, the 
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Fig. 5.2. Reaction norm plots for two carnivore-biased genes showing evidence of genetic 
accommodation: Pm20d2 (top) and Btf3 (bottom). The reaction norms were parallel with 
different elevations for Pm20d2 (compare to Fig. 1b); the derived reaction norm was statistically 














































Fig. 5.3. Diet-induced plasticity in gene expression for a carnivore-biased (Tbx15) and two 
omnivore-biased (Pnlip & Mug1) genes. Mug1 was the only one of these genes whose diet-
induced expression levels were opposite of that predicted. Points represent values for individual 





























































Fig. 5.4. Gene expression profiles and 99% confidence ellipses for individual tadpoles from 
allopatry (left) vs. sympatry (right) reared on a diet of detritus vs. shrimp + detritus. Each filled 
triangle and square represent the gene expression profile for individual tadpoles reared on a diet 
of detritus or shrimp and detritus, respectively; gray shading and diagonal line stippling represent 
the 99% confidence ellipses for tadpoles reared on a diet of detritus and shrimp and detritus, 
respectively. The gene expression profile for 6/15 (40%) of tadpoles from allopatry was outside 
of the region of overlap between diet treatments. Conversely, none of the tadpoles (0/13) from 
sympatry had gene expression profiles outside the region of overlap between diet treatments. 
 





Fig. 5.5. Distribution of gene expression profiles for individuals (small shapes) and treatment 
groups (large shapes). 1000 iterations of RRPP determined that the gene expression profiles of 
individuals from allopatry were significantly diet-dependent (filled triangles versus filled 
squares), and that individuals from sympatry were not (open triangles versus open squares). Diet-
related differences occurred primarily along PC1 and selective-environment-related differences 






















MORPHOLOGICAL NOVELTY EMERGES FROM PRE-EXISTING PHENOTYPIC 
PLASTICITY 
 
Co-authors: Andrew J. Isdaner, David W. Pfennig 
Introduction 
 An enduring problem in evolutionary biology is to explain how novel, complex 
phenotypes originate and diversify [1,2]. Although new phenotypes are generally assumed to 
arise exclusively from genetic changes, such as de novo or taxon-specific mutations [3,4], 
environmentally induced phenotypic change--i.e., phenotypic plasticity--has long been proposed 
to play a role in initiating novelty [5-7]. This process--dubbed plasticity-first evolution (‘PFE’)--
occurs when: 1) a change in the environment triggers a change in phenotype via phenotypic 
plasticity; 2) different genotypes vary in the tendency and/or manner in which they respond to 
this environmental change; 3) selection favors certain responses (and, hence, genotypes) over 
others, thereby causing the degree and/or form of phenotypic plasticity to evolve; and 4) through 
this process, the pre-existing phenotypic plasticity is ultimately refined by selection into a fully 
functioning phenotype [5-7] (Fig. 6.1). However, PFE is controversial because few tests have 
been conducted in natural populations [8,9]. Here, we perform such a test and provide evidence 
suggesting that phenotypic plasticity preceded, and facilitated, morphological novelty.  
To test PFE’s two critical predictions [7] that: 1) pre-existing phenotypic plasticity was 
expressed in an ancestral lineage (Prediction 1), and 2) subsequently refined by selection into a 




lack the novel phenotype with closely related species that possess it [7,10,11] (ideally, one 
should perform ancestral character reconstruction to establish that the focal phenotype is indeed 
a novel, derived trait [7]). In this framework, the former species serve as ‘ancestor-proxies’ 
because they exhibit the ‘ancestral’ state [7,10,11]. Both types of species should be reared in the 
environment normally experienced by the ancestor-proxy (i.e., the ‘ancestral environment’) and 
(separately) in the environment with which the novel phenotype is associated (i.e., the ‘derived 
environment’) [12,13]. Trait production and fitness can then be contrasted to test the above 
predictions [7]. [Note that because exposure to a novel environment is typically stressful [14], 
such exposure often alters development in ways that are not adaptive [10,15,16] (Fig. 6.1c). 
According to PFE theory [5-7], the derived environment causes the ancestor-proxy species to 
express plasticity in the focal phenotype (or its component traits), there is genetic variation in 
how this plasticity is expressed (as is nearly always the case [17,18]), and this variation—
whether in the adaptive direction or not—serves as the raw material for natural selection to refine 
the plastic response in a fashion that is adaptive]. We applied the above approach to examine the 
origins of a complex, adaptive phenotype in amphibians.  
North American spadefoot toads of the genus Spea are among the few amphibians to 
have successfully invaded arid environments, partly because they have evolved a unique 
polyphenism [19]. Like most anurans [20], Spea tadpoles normally develop into an ‘omnivore’ 
morph, which has small jaw muscles, smooth mouthparts, numerous denticle rows, and a long 
gut. This form eats detritus, algae, and small crustaceans. However, if Spea tadpoles eat fairy 
shrimp or tadpoles [21,22], some individuals facultatively produce an alternative ‘carnivore’ 
morph (Fig. 6.2a). This complex, coordinated phenotype differs from the default omnivore 




metamorphosis [19]), and morphologically (carnivores are characterized by large jaw muscles, 
notched mouthparts, few denticle rows, and a short gut; Fig. 6.2a). The evolution of this 
carnivore morph allowed Spea to invade an unexploited niche: rapidly drying ponds rich in fairy 
shrimp and other tadpoles [19] (Fig. 6.2b, c).  
The carnivore morph is an evolutionary novelty restricted to Spea [12,21] (Fig. 6.2d). 
Furthermore, in certain derived populations, this morph has undergone canalization. In 
particular, owing to character displacement, Sp. bombifrons that occur in sympatry with Sp. 
multiplicata have secondarily lost carnivore-omnivore polyphenism and become nearly fixed for 
producing carnivores, regardless of their diet [23-25] (Fig. 6.2d). 
We examined whether or not this evolutionary novelty arose via PFE by testing the above 
two critical predictions of the PFE hypothesis; i.e., 1) pre-existing phenotypic plasticity was 
expressed in an ancestral lineage (Prediction 1), and 2) subsequently refined by selection into a 
novel adaptive phenotype in a derived lineage (Prediction 2). This system is ideal for such a test. 
Indeed, previous work had suggested that pre-existing plasticity might be present in this system, 
that there was genetic variation in this pre-existing plasticity, and that this plasticity might have 
undergone adaptive refinement. One such study had found that the ancestor proxy Scaphiopus 
couchii (a species that does not produce the carnivore morph; Fig. 6.2d) developed shorter guts 
when fed shrimp (a novel diet for Sc. couchii, but the normal diet of Spea carnivores) than when 
fed its normal diet of detritus [12] (a shorter gut is a component trait of the complex carnivore 
phenotype found in Spea; Fig. 6.2a). Moreover, Sc. couchii also exhibited greater heritability in 
gut length when fed shrimp versus detritus, suggesting that the derived stimulus (shrimp) 
uncovered cryptic genetic variation on which selection could have acted to promote the eventual 




have undergone adaptive refinement, previous work also found that Sp. bombifrons (a species 
that produces carnivores) showed an increase in gut cell proliferation when fed shrimp versus 
detritus (gut cell proliferation is a measure of gut functionality); by contrast, no such increase 
was detected in Sc. couchii [12].  
However, although these data are consistent with the hypothesis that the carnivore morph 
evolved via PFE, many vertebrates facultatively develop shorter guts when fed animals versus 
plants [12]. Therefore, to comprehensively evaluate PFE, we sought to determine if diet-induced 
plasticity is present in additional species and traits, including traits that are: 1) not ubiquitously 
plastic; 2) novel to the carnivore morph (e.g., notched mouthparts; Fig. 6.2a) and 3) molecular 
features associated with production of the carnivore morph in Spea (i.e., patterns of gene 
expression). 
To conduct these test of PFE, we leveraged the fact that different lineages of spadefoot 
toads appear to represent different stages in the evolution of the carnivore morph (Fig. 6.2d): 
from its possible initial induction (in Scaphiopus), to its refinement as part of a novel 
polyphenism (in Spea), to its further refinement via genetic assimilation (in Sp. bombifrons that 
occur in sympatry with Sp. multiplicata).  As we describe, our data suggest that PFE has indeed 
contributed to the origin of this evolutionary novelty. 
 
Results 
Evidence of pre-existing morphological and gene expression plasticity 
 To test Prediction 1 (evidence of pre-existing [ancestral] plasticity), we used Scaphiopus 
holbrookii as a proxy for the ancestor of North American spadefoots (before the evolution of 




this ancestor-proxy because: 1) Scaphiopus is the closest extant outgroup to Spea [27]; 2) 
Scaphiopus is ecologically similar to Spea [28]; and 3) Scaphiopus does not express the 
polyphenism [12]. Specifically, Scaphiopus produces the omnivore morph only, and not the 
integrated set of traits that constitute the carnivore morph in Spea (Fig. 6.2a; Table 6.1). This 
lack of polyphenism is the reconstructed state for the ancestor of Spea [12] and the state of most 
anurans generally [12,29] (Fig. 6.2d). By rearing Sc. holbrookii on both its normal diet (detritus) 
and (separately) on a novel diet of shrimp (the normal diet of Spea carnivores), we tested for pre-
existing plasticity in both morphological and molecular phenotypes.  
We began by testing for diet-induced plasticity in various trophic-related traits that 
constitute the carnivore morph in Spea (Table 6.1). We found that the ancestor-proxy (Sc. 
holbrookii) did indeed exhibit diet-dependent plasticity in three of four morphological traits 
examined (Fig 3a; Table 6.2). Compared to detritus-fed tadpoles, shrimp-fed Sc. holbrookii 
tadpoles had fewer gut coils (i.e., they had shorter guts), fewer denticle rows, and less notched 
mouthparts. However, whereas plasticity in gut coils and denticle rows was in the adaptive 
direction (based on trait function; Table 6.1), plasticity in mouthparts was in the maladaptive 
direction [Fig. 6.3a; increased notching increases efficiency in capturing larger, more active prey 
[29] (Table 6.1), and shrimp-fed Sc. holbrookii produced less notched mouthparts]. Perhaps 
because of this mismatch in carnivore trait integration, Sc. holbrookii grew more poorly on 
shrimp than on detritus (Fig. 6.3a). These findings agree with previous work that found diet-
dependent plasticity in gut length in a different ancestor-proxy species (Sc. couchii; [26]). Thus, 
consistent with PFE [7], ancestors of Spea likely harbored diet-dependent plasticity in some 




As noted above, however, the presence of such pre-existing plasticity in the ancestor-
proxy is relevant for PFE only if genetic variation for such plasticity was also present. Although 
we were unable to perform a robust test for cryptic genetic variation (CGV) in the observed diet-
dependent plasticity in Sc. holbrookii, we tested if families differed in their responses to diet by 
treating family as factor rather than a random effect. Every trait examined had significant 
between-family variation and/or a significant Family*Diet interaction (Table 6.3). Thus, families 
may differ not only in the shape of their plastic responses, but also in the magnitude of trait 
expression. More rigorous tests are needed, but these data, together with the estimates of CGV in 
a different Scaphiopus (ancestor-proxy) species [26], point toward the plausibility of Spea’s 
ancestor harboring heritable variation in responses to consumption of a novel shrimp resource. 
Next, we tested for diet-induced plasticity in the expression of eight genes (Table 6.4) 
that were previously found to be associated with carnivore-omnivore polyphenism (these genes 
are ‘morph-biased’ in expression level--i.e., expressed more highly in one morph [30]--and 
therefore likely contribute to morph functionality) and also found to have undergone adaptive 
evolution in Spea [31]. Using the same experimental design as above, we also found diet-
dependent plasticity in expression of five of eight candidate genes examined. However, as with 
morphology, much of this molecular phenotypic plasticity was not in the expected direction 
based on previous patterns observed in Spea (Fig. 6.4a; Table 6.5). Indeed, only tf, an omnivore-
biased immunological gene in Spea (i.e., upregulated in Spea omnivore tadpoles [30]), showed 
expression plasticity in the putatively adaptive direction in Sc. holbrookii: it was upregulated on 
detritus, as expected (Fig. 6.4a). In contrast, the four other genes that exhibited diet-induced 
plasticity in expression level showed a mismatch between morph-biased designation and diet: 




tbx15), and structural (col2a1) genes had lower expression on shrimp than on detritus (Fig. 6.4a). 
Given that these were all carnivore-biased in Spea [30], this dietary mismatch may be indicative 
of a poorly coordinated response to consuming an animal diet. Finding such a mismatch is 
consistent with recent studies in guppies [16] and fruit flies [32], and it may potentiate rapid 
adaptation in a new environment (i.e., a shrimp diet; but see [33] for more discussion). Thus, 
Spea’s ancestor likely did not exhibit an immediate, coordinated adaptive plastic response in 
gene expression as a result of its dietary transition to shrimp, possibly because exposure to this 
novel diet is stressful for non-carnivore species [26].  
 
Evidence of adaptive refinement of morphological and gene expression plasticity 
 To test Prediction 2 (adaptive refinement of pre-existing plasticity), we performed similar 
experiments as above, but with Sp. multiplicata, a lineage that has evolved carnivore-omnivore 
polyphenism. Using this species, we tested for evidence of adaptive refinement in the 
morphological and gene expression plasticity that we previously documented in the ancestor-
proxy, Sc. holbrookii. 
We found support for Prediction 2. Specifically, unlike the diverse patterns of 
morphological plasticity observed in Sc. holbrookii (the ancestor-proxy), Sp. multiplicata (a 
species that has evolved carnivore-omnivore polyphenism) exhibited adaptive diet-dependent 
plasticity in all four traits examined (Fig. 6.3b; Table 6.5). In particular, compared to detritus-fed 
tadpoles, shrimp-fed tadpoles had larger jaw muscles, more notched mouthparts, and shorter 
guts; these traits aid in capture and digestion of shrimp (Table 6.1). Likewise, compared to 
shrimp-fed tadpoles, detritus-fed tadpoles had more denticle rows (needed to rasp detritus from 




adaptive in Sp. multiplicata (and in further contrast to the ancestor-proxy species, Sc. 
holbrookii), Sp. multiplicata tadpoles grew and developed equally well on both shrimp and 
detritus (Fig. 6.3b; Table 6.6). These findings are consistent with previous work using a different 
ancestor-proxy species [12], and they highlight how the evolution of carnivore-omnivore 
polyphenism enabled Sp. multiplicata to adaptively utilize alternative diets. 
We further found evidence of adaptive refinement in gene expression in Sp. multiplicata. 
Because previous studies have shown morph- [30] and diet-dependent [31] gene expression 
using laboratory reared Spea tadpoles, we did not directly replicate these studies. Instead, we 
measured expression of three metabolic genes in free-living tadpoles from the wild (these genes 
would be expected to differ adaptively in expression, because they are involved in lipid, 
carbohydrate, and protein metabolism). We began by confirming that all three genes were 
significantly associated with trophic morphology in these wild-caught tadpoles, and in the 
adaptive direction. In particular, both lipase (pnlip) and amylase (amy2a) were expressed more 
highly in omnivores, as predicted (P = 1×10-4 and P = 3×10-4, respectively; Table 6.7-6.8), 
whereas peptidase (pm20d2) was expressed more highly in carnivores, also as predicted (P = 
1.5×10-3; Table 6.7-6.8).  
Even more strikingly, at a finer morphological scale, the expression level of all three 
genes was significantly associated with the degree to which the focal individual produced the 
carnivore morphology (the latter was determined by the shape of the individual’s keratinized 
mouthparts, which is diagnostic of overall morphotype [23]). For the two omnivore-biased genes 
(pnlip and amy2a), expression levels were significantly negatively associated with the extent to 
which individuals exhibited the carnivore morphology (likelihood ratio tests: χ2 = 23.33, P = 




6 and R = -0.765, P = 3.4×10-5, respectively; Fig. 6.4b). By contrast, for the carnivore-biased 
gene (pm20d2), expression levels were significantly positively associated with the degree to 
which individuals produced the carnivore morphology (χ2 = 5.23, P = 2.2×10-2; R = 0.460; P = 
3.1×10-2; Fig. 6.4b).  
These significant associations between gene expression and fine-scale trophic 
morphology indicate that the expression of these genes has undergone adaptive refinement in Sp. 
multiplicata. The omnivore’s detritus diet contains more fat and starch (metabolized by lipase 
and amylase, respectively) than the carnivore’s diet [34]. In contrast, the carnivore’s diet is more 
protein-rich (metabolized by peptidase) [34]. However, not all carnivores (or omnivores) are 
alike in morphology: individuals within each morph class vary [35], and this variation in 
morphology is associated with variation in diet. Indeed, previous studies reported a significant 
positive relationship between the extent to which an individual exhibited the carnivore 
morphology and how many shrimp/tadpoles it had consumed, in both wild-caught [34] and lab-
reared [36] animals. Thus, the more carnivore-like in morphology an individual is, the greater the 
expression of genes needed to break down protein (e.g., pm20d2), which is precisely what we 
found (Fig. 6.4b). Similarly, as an individual shifts its diet away from shrimp and toward algae 
and detritus and the more omnivore-like in morphology it becomes, the greater the need for 
expression of genes that can break down fats and starches (e.g., pnlip and amy2a), which, again, 
is precisely what we found (Fig. 6.4b).  
We take this tight coupling of diet, morphology, and gene expression as evidence of 
adaptive refinement. In addition, the co-variation of two carnivore-morph features that are 
unlikely to be directly causally linked (mouthpart score and pm20d2 expression) suggests a 




extent of covariation between trophic features and gene expression in Scaphiopus with the extent 
of covariation observed in Spea would be a useful future direction. Nevertheless, unlike the 
putatively non-adaptive gene expression plasticity we observed in Scaphiopus (e.g., lower 
expression of pm20d2 on shrimp and no change in pnlip or amy2a with diet; Table 6.5), the 
expression of three metabolic genes appears to have undergone adaptive refinement in Spea.  
 
Evidence of extensive refinement in a canalized lineage 
 We found even greater refinement of the carnivore phenotype in a lineage in which this 
morph is nearly fixed. As noted above, Sp. bombifrons that occur in sympatry with Sp. 
multiplicata have secondarily lost carnivore-omnivore polyphenism and become nearly fixed for 
producing carnivores [23-25] (Fig. 6.2d). Because sympatric Sp. bombifrons express the 
carnivore morph more frequently and thereby expose it to selection more often than other Spea 
lineages, PFE (and evolution by natural selection more generally) predicts that sympatric Sp. 
bombifrons should show the greatest refinement of the carnivore phenotype. As predicted, 
compared to wild-caught allopatric Sp. multiplicata carnivores (a lineage in which carnivores are 
produced less frequently as part of a polyphenism [19]), wild-caught sympatric Sp. bombifrons 
carnivores had more pointed keratinized mouthparts, larger jaw muscles, and a greater 
morphological index (Fig. 6.5a). In other words, carnivores produced by sympatric Sp. 
bombifrons developed more exaggerated features overall.  
While performing these comparisons, we identified a novel carnivore trait: a unique 
keratinized palate spike that is presumably used to spear and/or stabilize the carnivore’s large 
shrimp and tadpole prey (Fig. 6.6). We sought to determine if (as expected under PFE) this novel 




caught tadpoles of sympatric Sp. bombifrons, allopatric Sp. multiplicata carnivores and 
omnivores, and Sc. couchii (Sc. couchii served as our ancestor-proxy for this analysis because 
more wild-caught tadpoles were available for this species than for Sc. holbrookii).  
As predicted, the palate spike: 1) occurs only in Spea, 2) is produced as part of the 
carnivore-omnivore polyphenism, and 3) shows its greatest development in sympatric Sp. 
bombifrons carnivores (Fig. 6.5b; Fig. 6.6; Table 6.9). Thus, selection appears to have refined 
individual carnivore features (Table 6.1) and even favored the evolution of a new feature (Fig. 
6.5b) during the evolution of the complex carnivore phenotype. These data, along with previous 
evidence that the expression of the above candidate genes has undergone genetic assimilation in 
sympatric Sp. bombifrons [31], demonstrate that, following its origin, the novel carnivore 
phenotype evolved in both form (i.e., traits became more exaggerated in certain lineages) and 
degree of plasticity (i.e., slopes of reaction norms have shifted [31]) when selection acted on both 
pre-existing plasticity and taxon-specific features. 
 
Evidence of reduction of heritable variation in carnivore traits 
 Finally, as an extension of our analyses, we asked if any pre-existing heritable variation 
in diet-induced plasticity was subsequently reduced in Spea. As noted above, we found among-
family variation in diet-induced plastic responses in Sc. holbrookii (Table 6.3), and a previous 
study found evidence for the accumulation of cryptic genetic variation for components of the 
carnivore phenotype in Sc. couchii (i.e., significantly higher broad-sense heritability, H2, when 
reared on a novel shrimp diet versus their standard detritus diet; Table 6.10; [26]). These data 
therefore suggest that the ancestor(s) to Spea may have similarly harbored heritable variation in 




have been purged in Sp. multiplicata. In particular, we found no significant differences in H2 
between diet treatments for any traits that we examined in Sp. multiplicata (Table 6.10). This 
difference in accumulation of genetic variation between lineages is likely due to differences in 
the frequency with which these lineages expose shrimp-induced variation to selection: 
infrequently in Scaphiopus and frequently in Spea.  
 
Discussion 
 Taken together with previous work [12,26,37], our results suggest that Spea’s ancestor 
likely possessed pre-existing plasticity in both morphological and molecular features, but that 
this plasticity was not necessarily coordinated nor fully adaptive. We speculate that when an 
ancestral population began consuming large animal prey (i.e., fairy shrimp and other tadpoles), 
this dietary shift uncovered selectable variation in morphology and gene expression [26]. 
Because some of this variation was adaptive (e.g., producing a shorter gut would be adaptive 
when consuming a protein-rich diet), selection presumably favored individuals that could switch 
between resources and thereby utilize a novel niche (short-duration ponds specifically and more 
arid environments generally). However, part of the adaptive refinement process likely consisted 
of overcoming non-adaptive plasticity, such as that observed among Sc. holbrookii in mouthpart 
morphology (Fig. 6.3a) and the expression of carnivore-biased genes (Fig. 6.4a). It is even 
possible that maladaptive plasticity facilitated subsequent adaptation to the novel environment 
(i.e., consumption of the novel shrimp resource) by increasing the strength of directional 
selection [16,32]. Finally, following these initial changes and bouts of adaptation, some lineages 
(e.g., sympatric Sp. bombifrons) underwent more extensive refinement when the carnivore 




heritable variation therein) was likely present in both trophic traits and gene expression, and 2) 
these features were adaptively refined to generate an evolutionary novelty--a distinctive 
carnivore morph--that allowed Spea to invade an unexploited niche. Our study therefore provides 
vital support for two critical predictions of the PFE hypothesis from natural populations. 
Finally, although PFE and mutation are often considered mutually exclusive pathways to 
novelty [3,4], our data suggest that novelty might arise when these two pathways act 
synergistically. In particular, as PFE unfolds (Fig. 6.1), novelty might typically entail the further 
elaboration of an initially environmentally induced phenotype via subsequent mutation. For 
example, the palate spike in Spea (Fig. 6.5b) might have arisen through mutation only after PFE 
was already underway. In support of this idea, we found no evidence that this spike could be 
induced by diet in our ancestor proxy, Scaphiopus. This lack of evidence for plasticity raises the 
possibility that this novel feature originated through de novo or taxon-specific mutation 
following the origin of the carnivore morph via PFE. Likewise, new mutations were likely 
needed to help overcome the putatively maladaptive plasticity seen in mouthpart formation (Fig. 
6.3a) and gene expression (Fig. 6.4a) [38]. Additional studies exploring the extent of heritable 
variation in these plastic responses should illuminate whether or not new mutations were 
necessary for these responses to match those seen in Spea. Thus, during the evolution of the 
distinctive carnivore morph, PFE likely combined with taxon-specific mutations to create an 
even greater coordinated adaptive response.  
In sum, our data provide support for PFE and thereby suggest that phenotypic plasticity 
might be critical in ‘jump starting’ evolutionary novelty. Although further tests in diverse 
systems are needed [7,39], our study reveals that phenotypic plasticity might play an 







 We sought to comprehensively evaluate the plasticity-first evolution (‘PFE’) hypothesis 
in spadefoots. For the focal lineage that possesses the novel trait (i.e., the carnivore morph), we 
chose Sp. multiplicata. For our ancestor-proxy lineage, we chose Sc. holbrookii. This species is 
an appropriate proxy for ancestral Spea (prior to the evolution of the carnivore-omnivore 
polyphenism), because Scaphiopus: 1) is the closest extant outgroup to Spea [27]; 2) produces 
omnivores only, the reconstructed state for the ancestor of Scaphiopus and Spea [12]; and 3) is 
ecologically similar to Spea. We reared each species in both the novel environment (i.e., shrimp 
diet, the diet of the derived carnivore morph) and the ancestral environment (i.e., detritus diet, 
the diet of the ancestral omnivore morph).  
We then tested for both pre-existing plasticity and adaptive refinement. To determine if 
there was pre-existing plasticity, we examined reaction norms for both morphology and gene 
expression when Sc. holbrookii were exposed to the ancestral diet versus the derived diet. For 
morphology, we assessed the extent of ancestral plasticity for all component traits that comprise 
the novel carnivore phenotype (Table 6.1). For gene expression, we measured expression levels 
of several candidate genes that have been implicated in being involved in carnivore production 
(Table 6.4). To determine if there was adaptive refinement in morph functionality, we contrasted 
morphology, gene expression, and growth--on both diets--of Sc. holbrookii and Sp. multiplicata. 
Finally, to evaluate if frequency of trait expression predicts the extent to which it is refined, we 
then contrasted production of carnivore features in Sp. multiplicata with those of a congener—





Evaluating whether there is ancestral plasticity of morphology in Sc. holbrookii 
 We bred two pairs of Scaphiopus holbrookii, which had been part of an established 
laboratory colony at the University of North Carolina, Chapel Hill for 1-2 years. Breeding was 
induced by injecting adults with 0.04 ml luteinizing hormone-releasing hormone (Sigma L-7134) 
at a concentration of 0.01µg/µl and leaving pairs overnight in nursery tanks. Eggs from each 
sibship were kept in separate nursery tanks until hatching. Upon hatching, individuals were 
placed in separate opaque, 90 mL plastic cups filled with dechlorinated water. Each hatchling 
was then haphazardly assigned to one of two diet treatments: 1) crushed fish food (hereafter, 
‘detritus’), which simulates in form and nutrition the detritus on which Spea omnivores feed in 
natural ponds [40]; or 2) live brine shrimp (Artemia), which simulate the fairy shrimp 
(Thamnocephalus or Steptocephalus) on which Spea carnivores feed in natural ponds. Detritus-
fed tadpoles each received 10mg of detritus every three days, and shrimp-fed tadpoles each 
received 2mL of concentrated brine shrimp nauplii twice daily until these tadpoles were seven 
days old, at which time each was fed ~8 live adult brine shrimp twice daily. After 11 days, we 
ended the experiment by euthanizing tadpoles in a 0.1% aqueous solution of tricane 
methanesulfonate (MS-222), submerging a subset (21 tadpoles per family per diet) in RNAlater 
(ThermoFisher Scientific SKU# AM7021), and preserving the rest (30 tadpoles per family per 
diet) in 95% ethanol.  
To assess whether diet-dependent morphological plasticity was present in Sc. holbrookii 
tadpoles, we measured various trophic characters known to exhibit plasticity in Spea (Table 6.1). 
We first measured each tadpole’s overall body size (snout-vent length; SVL) using hand-held 




of the jaw muscle (orbitohyoideus muscle; OH), counted the number of denticle rows (DR) and 
gut coils (GC), characterized the shape of the mouthparts (MP) on an ordinal scale from one 
[most omnivore-like] to five [most-carnivore-like] [23]), and measured the width of the lower 
mouthparts (LMP) using a micrometer and 5X magnification. We standardized OH for body size 
(SVL) by regressing ln OH on ln SVL.  
To determine if there were diet-dependent differences in the above variables, we used 
likelihood ratio tests on linear mixed effects models. For all models, ‘Family’ was treated as a 
random effect and ‘Diet’ was the fixed effect. Gosner stage, DR, GC, MP, and LMP were 
modeled using a Poisson distribution. Models were fit with maximum likelihood using the 
‘lme4’ [42] package and likelihood ratio tests were performed using the ‘anova’ function in R. 
The function ‘fdrtool’ (package ‘fdrtool’) was used to control for multiple testing. the function 
All analyses were performed using R version 3.4.0 with α = 0.05. 
 
Evaluating whether there is ancestral plasticity of gene expression in Sc. holbrookii 
 Next, we assessed whether diet-dependent gene expression plasticity was present in Sc. 
holbrookii tadpoles. To do so, we collected seven samples per diet per family (28 samples total), 
where each such sample consisted of three tadpoles from the same treatment pooled together. We 
extracted total RNA from these samples using a combination of TRIzol Reagent and the Ambion 
PureLink RNA Mini Kit (ref: 12183025) [31]. Following extraction and treatment with DNase, 
we visually evaluated RNA quality on a denaturing TAE agarose gel [43] and determined RNA 
purity and concentration using a NanoDrop 2000 (Thermo Scientific) (Table 6.11). We then 
reverse transcribed 600 ng of total RNA using the BioRad iScript Reverse Transcription 




iScript RT Supermix, 600 ng of total RNA, and enough nuclease-free water to bring the total 
reaction volume to 20 µL. These reactions ran according to the manufacturer’s protocol.  
For RT-qPCR, we focused on eight ‘morph-biased’ genes and a control gene (actb). 
These genes were previously found to differ significantly in expression level between Spea 
carnivores and omnivores, even when these individuals were reared on an exclusive diet of 
shrimp (this was possible, because many individuals remain as omnivores even when fed 
shrimp). Thus, these differences in expression level were associated with different trophic 
morphologies per se and not dietary differences [30]. Of these genes, four were ‘carnivore-
biased’ (i.e., upregulated in carnivores relative to omnivores) and four were ‘omnivore-biased’ 
(i.e., upregulated in omnivores relative to carnivores). We also used an unbiased gene (actb) as a 
‘control’ gene (Table 6.4). Although these eight genes likely represent a small subset of genes 
that are differentially expressed between these morphs, and although none of these genes likely 
determines which morph an individual becomes (i.e., none may be ‘switch’ genes), our goal was 
to measure expression levels of some of the genes that are crucial in morph functionality and that 
are therefore likely to undergo adaptive refinement during the evolution of carnivore-omnivore 
polyphenism. Essentially, the PFE hypothesis posits that adaptive refinement should occur at 
numerous loci (not just at ‘switch loci’), as genes encoding diverse functions become finely 
tuned by selection to produce a fully functional phenotype [7]. Indeed, the eight morph-biased 
genes on which we focused have been implicated in key regulatory (btf3 and tbx15), metabolic 
(pm20d2, pnlip, and amy2a), structural (col2a1), and immunological (pglyrp1 and tf) functions. 
Our control gene (actb) has a structural function. 
We performed RT-qPCR on these nine (eight biased; one control) genes using 20 µL 




recommended cycle conditions for a standard run on a StepOnePlus thermocycler (Applied 
Biosystems cat. #: 4376600). Melt curve analysis was also performed for each well to evaluate 
primer specificity. Reaction components, conditions, and primer sequences are provided in 
Tables 6.12, 6.13, and 6.14, respectively. For each gene, we ran all 28 samples in triplicate on a 
single plate. 
We analyzed these data two ways to determine the presence or absence of diet-dependent 
plasticity. First, we used the ΔΔCt method [44]. This required first finding ΔCt or the difference 
in mean Ct value between our gene of interest and actb (whose expression was invariant between 
diets; Table 6.15). To obtain our values, we then calculated the difference between these ΔCt 
values and a calibrator sample, which was an arbitrarily chosen detritus-fed tadpole. Instead of 
using raw ΔΔCt values for our analysis, we calculated the fold-change (here defined as RQ), in 
expression. To obtain expression fold-change, we used the formula: 𝑅𝑄 = 2−∆∆𝐶𝑡. We compared 
these RQ values between diets for each gene using a Wilcoxon test with a chi-square 
approximation (i.e., a Kruskal-Wallis test). As above, we controlled for multiple testing with the 
function ‘fdrtool’ (package ‘fdrtool’). 
Next, we determined the level of plasticity using a control gene-independent test. Here, 
we calculated the relative quantity from each individual’s mean Ct value without standardizing 




. We then used 5000 iterations of nonparametric bootstrapping to 
generate 99% confidence intervals around these values. For this analysis, plasticity values (± 
99% CI) less than 0 indicate greater expression on detritus than on shrimp, plasticity values (± 
99% CI) greater than 0 indicate greater expression on shrimp than detritus, and plasticity values 




showed plasticity in our control-dependent (i.e., ΔΔCt) analysis and our control-independent 
(i.e., logRatio) analysis were considered to be diet-dependent in their expression.  
 
Evaluating whether there is adaptive refinement of morphology in Sp. multiplicata 
 Although previous studies have demonstrated a significant relationship between trophic 
characters and diet in Spea (e.g., [23,24,45,46]), we sought to corroborate these findings and 
(more importantly) determine if there is evidence for adaptive refinement of the ability to use 
alternative resources. To do so, we used individual Sp. multiplicata tadpoles from 17 families, 
which were derived from four separate populations in southeastern Arizona, USA. Using similar 
procedures to those described above for Sc. holbrookii, we reared these individuals individually 
on a diet of shrimp or detritus for 18 days. We subsequently measured three fitness proxies 
(mass, SVL, and Gosner developmental stage) and four trophic characters (OH, DR, GC, and 
MP) as above. Using likelihood ratio tests on linear mixed effects models, we determined if there 
was as significant effect of diet on any of the above responses. For all models, ‘Population’ and 
‘Family’ were treated as random effects and ‘Diet’ was the fixed effect. Gosner stage, DR, GC 
and MP were modeled using a Poisson distribution. Models were fit with maximum likelihood 
using the ‘lme4’ [42] package and likelihood ratio tests were performed using the ‘anova’ 
function in R. The function ‘fdrtool’ (package ‘fdrtool’) was used to control for multiple testing.  
In terms of our predictions, the results of the above-mentioned experiments with Sc. 
holbrookii revealed that this species had inconsistent diet-induced morphological plasticity and 
had lower fitness on a shrimp diet than on a detritus diet (Fig. 6.2). Therefore, we predicted that 
if the ability to utilize alternative resources has been adaptively refined in Sp. multiplicata, then 




an adaptive direction and had equivalent fitness on both diets. Such results would strongly 
suggest, in total, that the novel carnivore phenotype has undergone adaptive refinement during 
the evolution of the carnivore-omnivore polyphenism, as predicted by the PFE hypothesis. 
 
Evaluating whether there is adaptive refinement of gene expression in Sp. multiplicata 
 Our next experiment sought to determine if gene expression has undergone adaptive 
refinement in Sp. multiplicata. Previous studies have shown both diet- [31] and morph-biased 
[30] expression in laboratory reared Spea. However, laboratory reared Spea often do not develop 
the carnivore phenotype as extensively as their wild-caught counterparts. Therefore, to assess the 
extent of adaptive refinement in the relationship between morph (and diet) and gene expression, 
we used wild-caught Sp. multiplicata. To do so, we used hand-held nets to collect carnivore and 
omnivore Sp. multiplicata tadpoles from three ponds in southeastern Arizona [where Sp. 
multiplicata is the only species of Spea present and where both morphs are maintained by 
disruptive selection] [46]. Within 30 sec. of removing them from their natal pond, we euthanized 
these tadpoles in a 0.1% aqueous solution of tricane methanesulfonate (MS-222) and submerged 
them in RNAlater (ThermoFisher Scientific SKU# AM7021). We then transported them to the 
University of North Carolina and froze them at -80°C until RNA extraction and processing. In 
total, our samples consisted of 12 tadpoles of each morph (N = 24).  
 We extracted RNA, synthesized cDNA, and normalized our data as above. However, 
before extraction, we measured each individual’s MP score as a proxy for how carnivore-like 
that individual was. MP was used as a proxy for magnitude of the carnivore phenotype for two 
reasons: 1) this character is robust and unaffected by freezing and treatment with RNAlater, and 




influenced the development of this character. For this experiment, we focused on three metabolic 
genes (pm20d2, pnlip, and amy2a) because they are likely among the first to experience changes 
in expression associated with production of alternative diet-dependent morphs and because their 
molecular functions are well-known. 
To explore patterns among gene expression, phenotypic variation, and morph in wild-
caught Sp. multiplicata, we performed three analyses. First, because we observed that, for some 
genes, there were differences between morphs in the number of individuals that did not have 
detectable levels of gene product, we performed a two-tailed Fisher’s exact test to quantitatively 
verify this observation. Specifically, for each gene, we assigned each individual as having (‘yes’) 
or not having (‘no’) a detectable level of gene product (based on the qPCR machine’s output) 
and then determined if this yes:no ratio differed between morphs. For carnivore-biased genes, we 
expected there to be fewer omnivores with detectable levels of expression. In contrast, for 
omnivore-biased genes, we expected fewer carnivores with detectable levels of expression. Two 
individuals were omitted from all analyses because they had no detectable expression across all 
of our focal genes and because they had no expression of an additional non-metabolic gene that 
we used to confirm if low expression was biological or technical.  
For the next analyses, we assigned a Ct value of 40 for all individuals that had 
undetectable levels of a given gene (excluding the two noted above). The value of 40 was chosen 
because we performed 40 cycles of amplification, and it is ultimately a conservative estimate for 
the actual threshold cycle number that would be required to detect the levels of gene product in 
these ‘undetected’ samples. 
Our second analysis consisted of evaluating the relationship between morphological 




gene expression level (-ΔΔCt; here gapdh was used as the invariant control gene) using linear 
mixed-effects models and likelihood ratio tests as above. For this analysis, we used -ΔΔCt to 
improve interpretation (larger values indicate greater expression of the gene of interest) and to 
improve normality prior to likelihood ratio tests. We used each gene’s expression level as the 
fixed effect predicting mouthparts score because: 1) mouthparts score was a quantitative variable 
(unlike morph); and 2) it made more sense for a gene’s expression to influence phenotype than 
vice versa. Therefore, ‘Expression’ was a fixed continuous variable and ‘Population’ was a 
random effect. For each gene, we performed a likelihood ratio test between a null model that 
contained only the random effect to the single-factor model (that retained the random effect). 
However, we also calculated the Pearson correlation between mouthparts score and each gene’s 
level of expression to characterize their relationship without assigning causality.  
Our third analysis was analogous to the second analysis above, except that we tested for 
differences between morphs rather than along the MP continuum. Therefore, ‘Morph’ was a 
fixed categorical variable and ‘Population’ was a random effect. We performed a likelihood ratio 
test as above. If there is no morph-biased gene expression then the null model is the best fit. In 
contrast, if the model containing morph as a fixed effect is the best model, then the alternative 
morphs have different levels of gene expression (i.e., there is morph-biased gene expression).  
 
Evaluating whether there is adaptive refinement of morphology in sympatric Sp. bombifrons 
 We sought to determine if the carnivore morph had undergone further refinement 
following its establishment as an alternative morph in Spea. Because under PFE the frequency of 
expression of a trait should predict the degree to which it is adaptively refined [5,7], we 




frequency with which they produce carnivores (i.e., polyphenic or fixed for carnivores). 
Specifically, we compared OH and MP of Sp. multiplicata carnivores from three populations that 
exhibit disruptive selection favoring production of both carnivores and omnivores [47] and that 
regularly produce intermediate frequencies of both morphs [23,24] with Sp. bombifrons 
carnivores from four populations that produce carnivores almost exclusively [24] and are under 
directional selection favoring more carnivore-like individuals [46]. We also calculated a 
composite index of trophic morphology using previously described methods [46-49] and 
compared this between lineages. Briefly, we combined DR, MP, and OH into a single 
multivariate shape variable (the ‘morphological index’; hereafter, ‘MI’) with a principal 
component analysis using a cross-correlation matrix (MI is PC1 of this analysis). In Spea, larger 
values of MI correspond to more carnivore-like tadpoles, with few denticle rows, highly 
keratinized mouthparts, and large orbitohyoideus muscles. To ensure that our analysis was 
restricted to carnivores, we only used individuals that had an OH/SVL ratio ≥ 0.15 [50]. GC was 
not measured in these samples because the guts had been damaged or destroyed during previous 
processing. 
According to PFE, the Sp. bombifrons lineages described above should be more 
carnivore-like than the Sp. multiplicata lineages. To test this prediction, we used likelihood ratio 
tests on linear mixed effects models, to determine if there was as significant effect of lineage 
type (polyphenic versus fixed for carnivores) on any of the above responses. For all models, 
‘Population’ was treated as random effects and ‘Lineage’ was the fixed effect. DR and MP were 
modeled using a Poisson distribution. The function ‘fdrtool’ (package ‘fdrtool’) was used to 




During our quantification of the above traits in sympatric Sp. bombifrons lineages, we 
consistently noticed the presence of a keratinized “spike” descending from the upper inside of 
the tadpoles’ mouths (i.e., descending from their palate; Fig 2e inset). We quantified variation in 
this trait, which we termed the palate spike (PS), on an ordinal scale from 1 to 5. Individuals with 
a score of 1 either had no indication of a spike at all or, at most, had small flecks of pigment on 
the roof of the mouth. A score of 2 or 3 was given to individuals with a rough-edged patch of 
light brown pigment or if the patch had coalesced into a brown circle, respectively. A PS score of 
4 meant that the circle had become substantially darker (almost black) and began to descend 
from the roof of the mouth. A score of 5 was given if the spike was quite a bit longer and darker. 
We first determined if PS was correlated with the morphological index determined above. 
Finding that this was a carnivore-biased trait (Fig S1), we then compared variation in this trait 
among wild-caught sympatric Sp. bombifrons carnivores, allopatric Sp. multiplicata carnivores 
and omnivores, and Sc. couchii. Note that Sc. couchii was used as an ancestor-proxy for this 
portion of our study (see Fig. 6.1 for phylogeny) because we were able to obtain adequate wild-
caught samples of this species. Using these groups, we were able to determine if: 1) this trait has 
uniquely evolved in Spea, and 2) it has been refined in a manner consistent with the frequency of 
carnivore morph expression in different lineages.  
Our analysis of PS consisted of first performing a likelihood ratio test on a generalized 
linear mixed effects model fitted with a Poisson distribution that contained ‘Group’ (i.e., Sp. 
bombifrons, Sp. multiplicata [C], Sp. multiplicata [O], or Sc. couchii) as a fixed effect and 
‘Population’ as a random effect with a model that only contained the random effect. We then 
performed 10,000 iterations of a non-parametric analog of ANOVA (randomized-residual 




‘geomorph’ to determine pairwise differences among groups. We expected that the more 
frequently a group expresses the carnivore phenotype, the greater the magnitude of its PS. 
Furthermore, if this trait is present in Spea, but not present in the ancestor-proxy Sc. couchii, then 
this would suggest that PFE has acted in concert with de novo mutations to refine the carnivore 
morph in Spea. 
 
Estimating the extent of heritable variation in plasticity and plastic traits 
 For evolution to occur, traits must be heritable. To get a sense of the extent of heritability 
and heritable variation in the trophic traits we investigated, we performed two analyses. First, we 
estimated broad-sense heritability (H2) of all the trophic and fitness-related traits in Sp. 
multiplicata using the methods of Ledón-Rettig and colleagues [26]. Specifically, for each diet, 
we fit a linear model with only sibship included as a random effect to obtain an estimate of trait 
variation among sibships (VAF) [26,54]. Then, by dividing double this value over the residual 
variance + VAF we were able to estimate broad-sense heritability. We then generated 500 
nonparametric bootstraps of the entire statistic to create 95% confidence intervals. Higher H2 on 
a shrimp diet and non-overlapping confidence intervals is indicative of uncovering cryptic 
genetic variation (CGV) when tadpoles are reared on this diet [7,26]. Such evidence of CGV is 
expected for species that are not regularly exposed to the inducing cue (e.g., Scaphiopus) and 
that do not regularly express the induced traits. Therefore, we compared the patterns of CGV (or 
lack thereof) in Sp. multiplicata with those previously published by Ledón-Rettig and colleagues 
[26] for Sc. couchii reared under similar conditions. We would expect to find evidence of CGV 
in Scaphiopus, but not in Spea. This is because the Spea lineage regularly exposes variation 




We also sought to gain insights on the heritable variation in Sc. holbrookii. However, 
because we only had two families to generate among-family variance estimates, any estimates of 
H2 would be overcome with error (indeed, many of our estimates were >1). Therefore, we treated 
family as factor rather than a random effect to test if families differ in their responses rather than 
estimate variance across families. To do so, we tested for a significant interaction between 
sibship and diet using ANOVA with type III sum of squares. In general, finding a significant 
“Family” term or a significant interaction between “Family” and “Diet” would indicate that 
families differ in their plastic response. These observations coupled with the fact that a previous 
study found evidence of CGV in a different Scaphiopus species would suggest, at the very least, 
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Table 6.1. Trophic traits associated with carnivore-omnivore polyphenism and their functions. 
Trait (abbreviation) Function Reference 










opens mouth; larger OH favored for larger prey [56-58] 
Gut coils (GC) used to digest food; more GC favored for more 






Table 6.2. Results from morphological experiment using Sc. holbrookii reared on alternative 
diets. Values under ‘Shrimp’ and ‘Detritus’ indicate the mean (± s.e.m.) of each trait on the 
respective diet. Bolded rows indicate that there was a significant difference between diets 
according to a likelihood ratio test. 
Variable Shrimp Detritus χ
2 P value 
SVL (mm) 8.11 (0.16) 8.96 (0.11) 32.79 1.60×10-8 
Gosner Stage 31.97 (0.35) 33.03 (0.21) 1.05 0.0810 
GC 5.50 (0.07) 6.53 (0.13) 5.33 0.0082 
DR 13.30 (0.31) 16.68 (0.35) 22.96 1.30×10-6 
MP 1.23 (0.06) 1.78 (0.08) 6.05 0.0065 
LMP 2.05 (0.13) 2.62 (0.13) 4.14 0.0131 





Table 6.3. Summary statistics from an ANOVA (with type III sum of squares) on various trophic 
traits in Sc. holbrookii reared on alternative diets. Every trait had a significant difference between 
families and/or a significant family*diet interaction (bolded values). Diet dependence of trait 
expression (i.e., plasticity) corroborates our findings in Table 6.2. 
Snout-vent length 
Variable Sum of Squares DF F P value 
Family 22.95 1 41.2 0.000 
Diet 5.27 1 9.47 0.003 
Family*Diet 1.87 1 3.36 0.069 
Gosner developmental stage 
Variable Sum of Squares DF F P value 
Family 96 1 68.54 0.000 
Diet 0 1 0 1.000 
Family*Diet 34 1 24.3 0.000 
Size-corrected OH 
Variable Sum of Squares DF F P value 
Family 0.02 11 3.69 0.057 
Diet 0.01 1 1.95 0.165 
Family*Diet 0.03 1 4.87 0.029 
Denticle rows 
Variable Sum of Squares DF F P value 
Family 30.80 1 4.98 0.028 
Diet 156.80 1 25.35 0.000 
Family*Diet 0.70 1 0.11 0.742 
Mouthpart score 
Variable Sum of Squares DF F P value 
Family 3.75 1 14.08 0.000 
Diet 11.27 1 42.30 0.000 
Family*Diet 3.01 1 11.29 0.001 
Gut length 
Variable Sum of Squares DF F P value 
Family 29.40 1 76.78 0.000 
Diet 1.67 1 4.34 0.039 






Table 6.4. The genes whose expression was examined in this study. ‘Bias’ indicates the biased 
expression pattern described by [30]. 
Gene Symbol Bias 
Functional 
Group 
basic transcription factor 3ap btf3 Carnivore Gene 
regulation 
T-box transcription factor TBX15-likeap tbx15 Carnivore Gene 
regulation 
peptidase M20 domain containingap,wc pm20d2 Carnivore Metabolism 
collagen, type II, alpha 1ap col2a1 Carnivore Structural 
pancreatic triacylglycerol lipase-likeap,wc pnlip Omnivore Metabolism 
amylase, alpha 2A (pancreatic)ap,wc amy2a Omnivore Metabolism 
peptidoglycan recognition protein 1ap pglyrp1 Omnivore Immunity 
transferrinap tf Omnivore Immunity 
beta (β)-actinap actb Control Structural 
glyceraldehyde-3-phosphate dehydrogenasewc gapdh Control Metabolism 





Table 6.5. Summary statistics from analysis of diet-dependent gene expression plasticity in Sc. 
holbrookii. Five genes had diet-dependent expression plasticity ‘Bias’ refers to morph-biased 
expression in Spea. Values below ‘RQShrimp’ and ‘RQDetritus’ are the mean expression levels (± 
s.e.m.) of tadpoles reared on each diet. Ratio refers to our measure of plasticity (see Methods). 
We called the expression of a gene as plastic (Y) if its RQ between diets was significantly 



















13.60 0.0004 -2.95 -3.991 -1.951 Y 




10.26 0.0025 -2.35 -3.402 -1.309 Y 




6.06 0.0244 -2.85 -4.227 -1.607 Y 




17.31 0.0003 -3.84 -5.011 -2.736 Y 




15.98 0.0003 -2.32 -3.108 -1.505 Y 




0.40 0.4884 0.25 -1.959 3.014 N 




0.18 0.5497 0.09 -1.960 2.478 N 




0.05 0.6000 0.10 -2.330 2.682 N 





Table 6.6. Results from morphological experiment using Sp. multiplicata reared on alternative 
diets. Values under ‘Shrimp’ and ‘Detritus’ indicate the mean (± s.e.m.) of each trait on the 
respective diet. Bolded rows indicate that there was a significant difference between diets 
according to a likelihood ratio test. 
Variable Shrimp Detritus χ
2 P value 
SVL (mm) 14.04 (0.11) 14.08 (0.07) 0.046 0.398 
Gosner Stage 38.62 (0.16) 38.65 (0.10) 0.001 0.427 
Mass 322.91 (7.45) 324.68 (5.03) 0.006 0.437 
Size-corrected OH 0.01 (0.009) -0.01 (0.006) 5.63 0.016 
MP 1.40 (0.05) 1.08 (0.02) 4.98 0.020 
DR 12.15 (0.27) 15.41 (0.26) 56.87 7.21×10-14 






Table 6.7. Results from Fisher’s exact test on the number of individuals with (‘Yes’) and without 
(‘No’) detectable levels of gene product for each gene.  
 pm20d2 pnlip amy2a 
 Yes No Yes No Yes No 
Carnivores 11 1 0 12 1 11 
Omnivores 2 8 8 2 9 1 






Table 6.8. Results from our likelihood ratio test to evaluate if morph influences the expression of 
each gene in wild-caught Sp. multiplicata. 
amy2a Model AIC value χ2 Df P value 
 Morph 101.66 37.263 1.00 <0.001 
  Null 136.92 --- --- --- 
pm20d2 Model AIC value χ2 Df P value 
 Morph 100.45 4.909 1.00 0.0267 
  Null 103.36 --- --- --- 
pnlip Model AIC value χ2 Df P value 
 Morph 96.898 40.313 1.00 <0.001 





Table 6.9. Summary statistics from our comparison of the palate spike among wild-caught Spea 
and Scaphiopus. Overall, there was a significant effect of lineage on extent of spike formation 
(top), but not all groups significantly differed from each other (bottom). On the bottom, effect 
sizes (Z scores) are above the diagonal and P values are below the diagonal. 
Model AIC value χ2 Df P value 
Null 710.73 --- --- --- 
Full 657.51 41.219 3 < 0.0001 
 Sb-S Sc Sm-C Sm-O 
Sb-S --- 14.77 11.3 15.69 
Sc 0.0001 --- 3.49 -0.67 
Sm-C 0.0001 0.0034 --- 3.29 
Sm-O 0.0001 0.6969 0.01 --- 
Sb-S = Sympatric Sp. bombifrons; Sc = Sc. couchii; Sm-C = Sp. 
multiplicata carnivores;  





Table 6.10. Estimated family variance (VAF) and total estimated variance (Vtotal) for fitness and 
morphological parameters. The 95% confidence intervals (CI) for broad-sense heritabilities (H2) 
were calculated using 500 bootstrap replicates of the original data. If H2 confidence intervals of 
alternative diets were not overlapping for a particular trait, the H2 of that trait was considered to 
be significantly diet-dependent. Greater H2 on a shrimp diet is indicate of the release of cryptic 
genetic variation when fed that diet.  
Species Trait Diet VAF Vtotal H
2  CI 
H2 diet 
dependent? 
Sc. couchii log(SVL) Detritus 0.001 0.025 0.05 (-0.12 ,0.09) Y   





Detritus 0.000 1.888 0.00 (-0.13, 0.00) Y 
  





Detritus 0.003 0.046 0.12 (-0.04, 0.25) Y 
  
Shrimp 0.006 0.043 0.28 (0.13, 0.40) 
 
 
log(OH) Detritus 0.001 0.009 0.19 (0.02, 0.33) N   




log(SVL) Detritus 0.001 0.004 0.46 (-0.05, 0.57) N 
  





Detritus 0.113 1.468 0.14 (-0.62, 0.36) N 
  





Detritus 0.005 4.124 0.00 (-0.50, 0.03) N 
  
Shrimp 1.208 4.031 0.46 (0.03, 0.56) 
 
 
log(OH) Detritus 0.001 0.008 0.27 (-0.21, 0.36) N   





Detritus 0.563 9.772 0.11 (-0.34, 0.17) N 
  





Detritus 0.000 0.078 0.00 (-0.54, 0.11) N 
  
Shrimp 0.000 0.343 0.00 (-0.46, 0.11) 
 




Table 6.11. Concentration and purity values from RNA extractions of Sc. holbrookii (left) and 
wild-caught Sp. multiplicata (right). For Sc. holbrookii, the sample ID denotes family-individual-




(ng/μL) 260/280 260/230 Sample 
Mean 
concentration 
(ng/μL) 260/280 260/230 
1.1s 881.5 2.11 2.21 SC1 724.8 1.96 2.00 
1.2s 1171.4 2.06 1.82 SC2 652.9 1.99 2.00 
1.3s 1303.9 2.07 1.96 SC3 766.9 1.98 2.00 
1.4s 1339.5 2.07 2.06 SC4 1168.8 2.00 1.94 
1.5s 966.5 2.07 2.04 SC5 871 2.05 1.99 
1.6s 1147.8 2.09 2.08 SO1 532.1 1.58 1.41 
1.7s 1073.9 2.06 1.96 SO2 399.9 1.68 1.55 
1.1d 501 2.05 1.24 SO3 627.6 1.65 1.54 
1.2d 434.4 2.06 1.83 SO4 468.4 1.71 1.51 
1.3d 315.2 2.07 1.44 SO5 486.1 1.66 1.48 
1.4d 414.9 2.10 2.01 PC1 742.9 1.91 1.75 
1.5d 377.03 2.06 1.67 PC2 943.5 1.98 1.85 
1.6d 808 2.07 2.05 PC3 1149.2 2.01 2.00 
1.7d 499.9 2.06 1.64 PC4 1148.9 1.99 1.87 
2.1s 1177.8 2.08 2.01 PC5 729.3 2.10 2.12 
2.2s 918.6 2.06 2.07 PO1 555.6 1.84 1.54 
2.3s 1091.6 2.08 2.11 PO2 827.8 1.89 1.50 
2.4s 1217.9 2.06 2.04 PO3 671.4 1.80 1.73 
2.5s 968.1 2.08 2.07 PO4 683.5 1.84 1.68 
2.6s 989 2.06 2.04 PO5 946.4 2.02 2.05 
2.7s 1227 2.06 2.00 BC1 894.8 2.00 2.03 
2.1d 746.1 2.07 2.12 BC2 715.6 1.98 2.01 
2.2d 791.8 2.06 1.88 BO1 907.6 1.81 1.57 
2.3d 899.2 2.08 1.62 BO2 504.1 1.70 1.52 
2.4d 949.2 2.08 2.06     
2.5d 370.9 2.04 1.49     
2.6d 849.7 2.08 1.94     
2.7d 619.2 2.07 2.10         
s = shrimp diet; d = detritus diet; S =Silver Creek; P = Peach Orchard Rd.; B = Observatory; C = 












iTaqTM universal SYBR® Green supermix 
(2x)  10 1X 
Forward and reverse primers 1 (each) 500 nm 
cDNA template 2 300 pg 





Table 6.13. Reaction conditions for qPCR. 
 










and Plate read at 











Table 6.14. Genbank accessions and qPCR primer sequences for each gene.  
 
Gene Left Primer Sequence (5'-3') Right Primer Sequence (5'-3') 
btf3h ACAGCCACTGCTGATGACAA CAGCCAAGGAAGCCTGTACT 
tbx15h GACTCTGGAAGGAACCGGAC CTGCCACCTTGCTGTTTCTG 
pm20d2h GGTGCATTTCAGGGGATGGA TGGATATGCAGCAGCATGAGA 
pm20d2m AATCTGCAGCTGAGGCAACT AACCGCAAAGCTCACATTTC 
col2a1h TGGTGGACAAGCAAGAGCAA TGGGATGCATCAGTGGACAG 
pnliph TGGACTTCTTCCCCAATGGC GGTGTTGGCGTAGTGATGC 
pnlipm TCCCCAGTTTAGGTTTTGGA AGAACAGGGGTAGCTGACGA 
amy2ah TGGACGTGGAAACAAAGGGT GAGTGCCTTCTTTCTGCCCA 
amy2am TGGGTCAACCAAATCTGTCA GAGTGGCGTCCATATTCCAT 
tfh GACCATGCCAAAGCAGGCAAA TTAGCAATCAGGCCGACAGG 
actbh TGCTCTGGACTTTGAGCAGG GCTGGAAGAGTGCTTCTGGA 
gapdhm CTGTGAAAGCGTGGACAGTG GTTGGTGTGAACCACGAGAA 





Table 6.15. Results for comparison of control gene expression between diets (for Sc. holbrookii) 
and morphs (for Sp. multiplicata). A Wilcoxon test was performed to assess if expression varied 
by treatment. Neither actb nor gapdh significantly differed between treatments. 
Gene Species Z P value 
actb Sc. holbrookii 1.63114 0.1029 







Fig. 6.1. How plasticity can facilitate the evolution of a novel, complex phenotype. a, A 
genetically diverse population (different colors: different genotypes) b, experiences a novel 
environment (shading), which induces novel phenotypes (dashed lines), but genotypes differ in 
whether and how they respond to the novel environment (different shapes). c, Selection acts on 
this formerly cryptic genetic variation (revealed by a change in environment) and disfavors 
genotypes that produce maladaptive or poorly adapted phenotypes (‘X’). d, This leads to the 




produce either this novel phenotype or the ancestral phenotype depending on their environment, 
then the result is a novel polyphenism. f, Alternatively, selection might favor the loss of 
plasticity (i.e., genetic assimilation), resulting in a novel phenotype that is produced regardless of 






Fig. 6.2. Ecology and evolution of the spadefoot toad resource-use polyphenism. a, Spea 
tadpoles normally develop into an ‘omnivore’ morph (left), but if they eat large animal prey, 
such as shrimp (middle), they produce a distinctive ‘carnivore’ morph (right), which is 




b, These features enable carnivores to prey on large animals (e.g., other tadpoles). c, This 
protein-rich diet, in turn, hastens the carnivore’s development, which allowed Spea to invade arid 
habitats where breeding ponds are highy ephermeral. d, In contrast to Spea, most frogs produce 
omnivores only [20], and it is therefore likely that the ancestor of Scaphiopodidae also did so 
(inferred phenotype based on the ancestral character state reconstuction in ref. [12]; time-
calibrated phylogeny of North American spadefoot toads [Family Scaphiopodidae] from ref. 
[21]). To study the origin of the carnivore morph, we used an omnivore-only producer, 
Scaphiopus holbrookii, as a proxy for the last common ancestor of Scaphiopus and Spea (red 
arrow). Subsequent to the carnivore morph origin, Spea bombifrons that occur sympatrically with 
Sp. multiplicata [Sp. bombifrons (sympatric)] have undergone genetic assimilation and produce 






Fig. 6.3. Diet-induced morphological plasticity of Sc. holbrookii and Sp. multiplicata. a, Sc. 
holbrookii reared on detritus (blue; n = 60) or shrimp (brown; n = 60) and b, Sp. multiplicata 
reared on detritus (blue; n = 153) or shrimp (brown; n = 149). Asterisks: significant differences 
between diets; gray arrows: direction of adaptive plasticity (Table 6.1). Photos show traits in 





Fig. 6.4. Diet-induced gene expression plasticity in Sc. holbrookii and Sp. multiplicata. a, 
Expression plasticity for omnivore- (blue) and carnivore-biased genes (brown) in Sc. holbrookii 
reared on detritus versus shrimp. Points are means ± 99% confidence interval generated from 
5000 bootstrap replicates. b, Relationship (Pearson product-moment correlation) between the 
degree to which naturally occurring Sp. multiplicata produced the carnivore morphology and the 
expression level of omnivore- (pnlip and amy2a [blue]) and carnivore-biased genes (pm20d2 






Fig. 6.5. Evidence of refinement of the carnivore phenotype among wild-caught tadpoles of 
different lineages.  a, Differences in magnitude of expression (according to a likelihood ratio 
test) of trophic traits of carnivores in a lineage in which carnivores are produced at low-
intermediate frequencies as part of a polyphenism (allopatric Sp. multiplicata; n = 82) versus a 
lineage in which carnivores are produced at high frequencies (sympatric Sp. bombifrons; n = 59). 
b, Differences in magnitude of expression of a novel palate spike in lineages/morphs that differ 
in likelihood of expressing carnivore features [n = 50, 74, 82, and 59 for Sc. couchii, allopatric 
Sp. multiplicata (O), allopatric Sp. multiplicata (C), and sympatric Sp. bombifrons (C), 
respectively; O: omnivores; C: carnivores]; different letters: values differed significantly. Photo: 




Fig. 6.6. Relationship (Pearson correlation) between palate spike score and morphological index 
in wild-caught Sp. multiplicata and Sp. bombifrons carnivores (n = 127). A more extensive palate 
spike was significantly positively associated with more carnivore-like tadpoles. Regression line 







































PLASTICITY-LED EVOLUTION: EVALUATING THE KEY PREDICTION OF 
FREQUENCY-DEPENDENT ADAPTATION 
 
Co-authors: David W. Pfennig 
Introduction 
 Phenotypic plasticity is commonplace [1,2], but whether and how it impacts evolution is 
controversial [3-5]. An evolutionary process in which plasticity has long been implicated is the 
origins of novel, complex phenotypes (e.g., [2,5-10]).  
According to the ‘plasticity-led evolution’ hypothesis (sometimes dubbed ‘plasticity-first 
evolution’; [11,12]), a novel complex phenotype first appears in a rudimentary form when the 
phenotype (or its components) is expressed via plasticity following a change in environment. 
Such environmental change is typically stressful, and organisms can mitigate this stress by using 
plasticity to facultatively produce a phenotype better matched to the new environment. If 
underlying genetic variation exists in either the tendency or manner in which individuals respond 
to this environmental change (as is nearly always the case; [13]), then selection can act on these 
‘reaction norms’ and improve the phenotype’s functionality by altering the phenotype’s form. 
Moreover, selection can also promote a change in the phenotype’s regulation. Specifically, 
depending on whether or not plasticity is favored [14,15], selection can favor either increased 
environmental sensitivity--which might ultimately maintain the new phenotype as part of a 
‘polyphenism’ [1]—or decreased environmental sensitivity--which might ultimately cause the 




[16]). Essentially, plasticity-led evolution occurs when selection promotes an adaptive change in 
an initially environmentally induced phenotype’s form and/or regulation. Thus, plasticity itself 
can evolve (as has been long recognized; e.g., [13,15,17-19]), and, consequently, this evolution 
can facilitate the origin of a novel, complex phenotype. 
Although lab studies support these ideas [16,20], and there are suggestive field studies 
(reviewed in [9,12]), many researchers remain skeptical of whether plasticity can facilitate 
evolution [3,4]. Such skepticism arises, in part, because the key criteria and predictions of the 
plasticity-led evolution hypothesis have not been made clear and evaluated in natural populations 
[3,4].  To address this concern, we [12] recently outlined four key criteria for testing this 
hypothesis, one of which (Criterion 4) is that the focal trait should exhibit evidence of having 
undergone adaptive refinement as it is induced and exposed to selection repeatedly. Although 
this criterion is seldom validated, doing so is essential to rule out alternative explanations [12].  
Moreover, of the few studies that have tested Criterion 4 (cited in [12]), none have tested 
its critical, underlying prediction: that the rate and magnitude of phenotypic change should be 
positively associated with a phenotype’s frequency of expression or use in a population 
[2,12,21,22]. This prediction is, in turn, rooted in two assumptions: 1) that individuals in 
ancestral lineages (where a rudimentary version of the focal trait is produced through plasticity) 
should express the trait less frequently than individuals in derived lineages (where the trait may 
be canalized); and 2) that a trait in a population in which it is expressed (and exposed to 
selection) more frequently should evolve greater and more rapid refinement [2]. Essentially, 
during plasticity-led evolution, as an environmentally induced phenotype is recurrently produced 
(e.g., by persistent selection pressure favoring that phenotype) it will be exposed to selection 




This notion that the frequency of trait expression drives the magnitude of adaptive 
refinement is a critical prediction not only of plasticity-led evolution, but also of evolution by 
natural selection more generally. Yet, ‘frequency-dependent adaptation’ has rarely been 
demonstrated empirically (but see [23-25]). (Note that frequency-dependent adaptation is a 
separate, albeit related, process from frequency-dependent selection, which arises when the 
fitness of an individual phenotype depends on its frequency in the population. Unlike frequency-
dependent adaptation, frequency-dependent selection has been thoroughly studied (e.g., [26-
28]).) However, indirect support for frequency-dependent adaptation comes from studies: 1) 
using reciprocal transplants that demonstrate adaptation to local (i.e., frequently experienced) 
conditions and maladaptation to alternative conditions (e.g., [29-31]); 2) of clinal variation in 
adaptation that have shown a pattern of changing phenotype ratios (including environmentally 
induced phenotypes) along the cline such that the greatest divergence occurs at the clinal 
extremes (e.g., [32-34]); and 3) exploring adaptive radiation where generalist or plastic ancestors 
experience greater specialization over time (e.g., [35-38]). 
Here, we perform an explicit empirical test of frequency-dependent adaptation. We did so 
by focusing on amphibian populations that have diverged in production of a novel, 
environmentally induced ecomorph. If the frequency of trait expression does indeed determine 
the degree to which that phenotype is refined by selection, then individuals from populations that 
produce this ecomorph more frequently should be superior competitors for the resource on which 
this ecomorph specializes. As we describe below, our findings are consistent with this 
expectation. 
 





 We studied Plains spadefoot toads, Spea bombifrons, from natural populations in the 
western USA. In many parts of its range, S. bombifrons has evolved a polyphenism in which it 
produces two, environmentally induced, resource-use ecomorphs (see Fig. 7.1): 1) omnivores, 
which are dietary generalists that feed mostly on detritus and small plankton, and which are 
normally produced by default, and 2) carnivores, which are dietary specialists that feed on, and 
are induced by the consumption of, anostracan fairy shrimp or other tadpoles [39-45]. In most 
populations, omnivores are the more frequently produced of the two ecomorphs (e.g., earlier 
studies that sampled diverse sites in allopatry found an average of 20% carnivores and 80% 
omnivores [41-43]; see Fig. 7.2).  However, in populations where S. bombifrons co-occurs with a 
congener (S. multiplicata), these two species have undergone ecological character displacement, 
resulting in S. bombifrons producing nearly all carnivores (e.g., earlier studies found an average 
of 95% carnivores and 5% omnivores in sympatry [41-43]; see Fig. 7.2). We refer to these S. 
bombifrons populations that occur with and without S. multiplicata as ‘sympatric’ and 
‘allopatric’, respectively. Because the two species have come into secondary contact following 
range expansion by S. bombifrons [46,47], sympatric populations represent the ‘derived’ state, 
whereas allopatric populations represent the ‘ancestral’ state.  
For the experiments below, we created 10 full sibships of S. bombifrons by breeding 
adults that were recently collected from diverse populations in allopatry (Table 7.1; Fig. 7.2), all 
of which likely experience ongoing gene flow [46]: Colorado (4 sibships), northern Nebraska (1 
sibship), southwestern Nebraska (2 sibships), Oklahoma (2 sibships), and Texas (1 sibship). 
These 10 sibships constituted our allopatric animals. We also created 8 full sibships of S. 




Simon valley of southeastern Arizona (where S. multiplicata is present; Table 7.1; Fig. 7.2), all 
of which likely experience ongoing gene flow [47]. These 8 sibships constituted our sympatric 
animals. Breeding was induced by injecting adults with 0.04 ml luteinizing hormone-releasing 
hormone (Sigma L-7134) at a concentration of 0.01µg/µl and leaving pairs overnight in separate 
nursery tanks. The next day, adults were removed, and the eggs from each sibship were kept in 
these tanks until they hatched.  
 
Testing whether frequency of trait expression predicts its adaptive refinement 
 We predicted that sympatric tadpoles would be superior competitors for shrimp--and 
therefore grow more on shrimp--compared to allopatric tadpoles. This is because S. bombifrons 
produces carnivores (the ecomorph that specializes on shrimp) more frequently in sympatry than 
in allopatry. Conversely, we predicted that allopatric tadpoles would be superior competitors for 
detritus compared to sympatric tadpoles, because S. bombifrons produces omnivores (the 
ecomorph that utilizes detritus) more frequently in allopatry than in sympatry. 
For these tests, we had to give each tadpole a population-specific mark (to differentiate it 
from its tankmate (e.g., see [48])). We therefore needed to grow tadpoles to a sufficient size to 
receive these marks. To do so, we randomly selected 95 tadpoles from each of fifteen sibships (8 
allopatric, 7 sympatric) and placed them in an outdoor wading pool (1.5 m diameter) for four 
days (water temperatures approximately 30º C). At the start, each pool received 50mL of plant-
based fish food. After returning the tadpoles indoors, we placed each sibship in clean water and 
fed them 400 mg of detritus. Twenty-four hours later, we measured the snout-vent length of 




Each experimental unit consisted of three tanks (18 ×13 × 8.5 cm, filled with 1.2 L of 
dechlorinated water) containing: 1) a single allopatric tadpole, 2) a single sympatric tadpole, and 
3) two tadpoles, one of which was a sibling of the allopatric tadpole, and the other of which was 
a sibling of the sympatric tadpole. The first two were dubbed ‘singleton tanks,’ whereas the third 
was dubbed a ‘competition tank.’ All tadpoles in each experimental unit were similar in snout-
vent length at the start (individuals varied by less than 2.5%). To distinguish between tankmates 
in the competition tanks, we injected pink elastomer [48] into the dorsal tail of one individual 
(equal numbers of allopatric and sympatric tadpoles were injected). All three tanks in each 
experimental unit were placed adjacent to each other.  
Half of the competition tanks received daily 40 mg of crushed fish food (hereafter, 
‘detritus’), which simulates in form and nutrition the detritus on which Spea omnivores feed in 
natural ponds [44]. The other half received twice daily 100 live brine shrimp (Artemia), which 
simulate the fairy shrimp (Thamnocephalus or Steptocephalus) on which Spea carnivores feed in 
natural ponds. Preliminary tests indicated that these amounts of detritus and shrimp induced 
competition; i.e., food was completely eaten between feedings. Singleton tanks received half of 
these amounts; thus, the per capita amounts of food provided to singleton and competition tanks 
were identical. All tanks experienced 50% water changes every other day. We had 51 replicate 
units per diet. After 10 days, we ended the experiment by euthanizing tadpoles in a 0.8% 
aqueous solution of tricaine methanesulfonate (MS-222) and preserving them in 95% ethanol. 
We evaluated the predictions outlined at the start of this section in three ways. First, we 
used likelihood ratio tests to compare a series of mixed models. ‘Diet’ (i.e., detritus or shrimp) 
and ‘selective environment’ (i.e., allopatry or sympatry) were fixed categorical variables and 




that contained only the random effects to single-factor models that retained the random effects 
and included either diet or selective environment as a fixed effect, and to two-factor models 
(with and without an interaction term). The ‘best model’ was determined if it was significantly 
better than all other models according to likelihood ratio tests (performed using ‘anova’ in R). 
The biological interpretation of each model is described in the electronic supplementary material. 
Second, we performed a type III sum of square analysis of variance (ANOVA) on the 
interaction model to corroborate our observations from the above test. We also calculated the 
effect size (Cohen’s d) between diets for each selective environment to determine if tadpoles 
from sympatry have experienced greater divergence in growth between diets (i.e. greater growth 
on shrimp and/or reduced growth on detritus) than tadpoles derived from allopatry. If there was a 
significant interaction, we performed post hoc multiple comparisons tests by grouping selective 
environment with diet (i.e, allopatry.shrimp, allopatry.detritus, etc.) and using the 
‘pairwise.t.test’ function with ‘fdr’ correction in R. 
Finally, for each competition tank, we categorized each tadpole as the ‘winner’ of 
competition if it grew more than its tankmate. We then performed one-tailed Fisher’s exact tests 
to determine if the number of winners differed between selective environments. One-tailed tests 
were used because we had the a priori prediction that there would be more allopatric winners on 
detritus and more sympatric winners on shrimp [this a priori prediction was based on patterns of 
trait expression in nature]. We also used Levene’s tests to evaluate differences in the amount of 
variation in growth among selective environments and diets. If competitive differences between 
selective environments happen to be diet dependent, then we would expect greater variation on 





Evaluating mechanisms of adaptive refinement 
 The results of the previous experiment revealed that: 1) tadpoles from sympatry grew 
more than tadpoles from allopatry on shrimp, and 2) tadpoles from allopatry grew more than 
tadpoles from sympatry on detritus. Based on previous work [41,42,44,48-52], we evaluated five, 
non-mutually exclusive mechanisms that could explain these differences between selective 
environments in competitive ability. We specifically tested whether tadpoles from the two 
selective environments have diverged in: 1) intrinsic growth rate, 2) time budgets, 3) trait 
integration, 4) shrimp capture ability, or 5) trophic morphology.  
 
Testing for genetic assimilation of trophic morphology 
 Finally, we tested if tadpoles from sympatry developed more carnivore-like features, 
even in the absence of the cue that normally induces the carnivore morphology (ingestion of live 
shrimp or tadpoles). Finding such a pattern would suggest that trophic morphology has been 
genetically assimilated in sympatry. To perform this test, we randomly selected ten, two-day old 
tadpoles from each sibship before tadpoles had been fed. We then measured snout-vent length 
(SVL) and the width of the jaw muscle (orbitohyoideus muscle; OH), which is diagnostic of 
ecomorphology [39]. We standardized OH for body size (SVL) by regressing log OH on log 
SVL [44,53]. We then compared these size-corrected OH and SVL values between allopatry and 
sympatry using a likelihood ratio test and linear mixed effects models (fitted with maximum 
likelihood in the R package ‘lme4’). Specifically, we used a likelihood ratio test (through the 
‘anova’ function in R; [54]) to compare a null model only containing the random effect ‘sibship’ 






Testing whether frequency of trait expression predicts its adaptive refinement 
 At the start of the experiment, tadpoles from the two selective environments did not differ 
in body size (likelihood ratio test between null model and selective environment model: χ2 = 
0.81, P = 0.3681; type III sum of squares ANOVA: χ2 = 1.1548, P = 0.2825). At the end of the 
experiment, however, tadpole growth showed a significant diet-by-selective environment 
interaction (Table 7.2A, B). That is, the magnitude of diet-dependent growth differed across 
selective environments. A multiple comparisons test revealed that tadpoles from the two 
selective environments had comparable growth on a detritus diet, but that sympatric tadpoles 
grew more than allopatric tadpoles on a shrimp diet (Table 7.2C). This difference on a shrimp 
diet created a significantly greater slope between diets for sympatry than for allopatry (Fig. 7.3a). 
Consistent with this difference in slope, we found that effect size between diets (Cohen’s d) was 
greater for sympatry (Cohen's d = 1.206) than for allopatry (Cohen's d =0.722). This pattern 
matches our prediction for sympatric tadpoles: they exhibited greater adaptive refinement 
(improved growth achieved through superior competitive ability) than allopatric tadpoles on the 
diet that is frequently consumed in sympatry (shrimp). 
Furthermore, when we categorized each tadpole as ‘winner’ or ‘loser’ (depending on 
whether or not it grew more than its competitor), sympatric tadpoles were more often the winner 
on shrimp (35 sympatric winners versus 16 allopatric winners; P = 0.0002), whereas allopatric 
tadpoles were more often the winner on detritus (31 allopatric versus 20 sympatric winners; P = 
0.0236; Fig. 7.3b). This result is consistent with the observation that the slopes of two selective 




prediction: sympatric tadpoles were superior competitors on shrimp, and allopatric tadpoles were 
superior competitors on detritus.  
Finally, a shrimp diet yielded greater variation in growth than a detritus diet (σ2 = 4.64 
versus 2.58, respectively; P = 0.0067), and there was greater variation in growth for sympatric 
tadpoles than allopatric tadpoles (σ2 = 5.14 versus 3.67, respectively; P = 0.0397). However, 
when tadpoles were grouped by diet and selective environment simultaneously, the differences in 
variation only approached significance (P = 0.0724). Generally, these results, again, suggest that 
there is a greater effect of competition on shrimp (i.e., greater growth variance), and that 
sympatric tadpoles had a greater difference in growth between diets than allopatric tadpoles (i.e., 
greater variance for sympatry). 
 
Evaluating mechanisms of adaptive refinement 
 Sympatric and allopatric tadpoles did not differ in: 1) intrinsic growth rate on alternative 
diets (Table 7.3); 2) time spent resting, swimming, eating, or active (Table 7.4); or 3) trait 
integration (Table 7.5). These two groups did differ in: 4) time to eat shrimp; and 5) certain 
trophic traits.  Regarding time to eat shrimp, sympatric tadpoles captured and consumed shrimp 
faster than allopatric tadpoles (χ2 = 5.11, P = 0.0238; Fig. 7.4). Also, as expected, there was 
significantly lower variance in shrimp capture time for sympatric tadpoles than for allopatric 
tadpoles (σ2 = 3340 versus 20824, respectively; P < 0.0001). 
Regarding trophic traits, as predicted, sympatric tadpoles had significantly more 
carnivore-like mouthparts than allopatric tadpoles (mean ± s.e.m. mouthparts scores = 2.8 ± 0.2 
versus 1.8 ± 0.1 for sympatric and allopatric tadpoles, respectively; Table 7.6). For jaw muscle 




Delving into this interaction revealed that, for tadpoles reared in competition, sympatric tadpoles 
did not differ between diets, but allopatric tadpoles did (Table 7.7). Specifically, sympatric 
tadpoles showed consistently large OH widths across diets (thereby providing evidence of 
canalization in this trait, but allopatric tadpoles showed plasticity (larger OH on shrimp than on 
detritus). A multiple comparison test confirmed this pattern: detritus-fed allopatric tadpoles had 
significantly smaller OH widths than all other groups (Table 7.7B). When we focused on 
singletons, sympatric tadpoles had significantly larger OH widths than allopatric tadpoles, but 
there was no diet by selective environment interaction (Table 7.8).  In contrast to the patterns for 
mouthparts and jaw muscles, sympatric tadpoles had significantly more omnivore-like denticle 
rows than allopatric tadpoles (8.3 ± 0.6 versus 4.5 ± 0.3 for sympatric and allopatric tadpoles, 
respectively; Table 7.6). Gut length did not differ between diets, selective environments, or 
treatments.  
 
Testing for genetic assimilation of trophic morphology 
 Sympatric tadpoles had a significantly larger OH width (0.041 ± 0.012) than allopatric 
tadpoles (-0.029 ± 0.010; χ2 = 6.58, P = 0.0103; Fig. 7.5). Because this difference was already 
apparent in tadpoles that had not experienced the dietary cue(s) that normally induce carnivores, 
and because these sympatric tadpoles represent the derived state, this finding suggests that 
sympatric tadpoles have undergone genetic assimilation in trophic morphology. 
 
Discussion 
 A key prediction of plasticity-led evolution, and of evolution by natural selection 




functionality is improved by selection [2,12,21,22]. In particular, compared to individuals from 
populations that express a particular phenotype infrequently, those from populations that express 
this phenotype more frequently should produce a superior version of the phenotype 
[12,18,25,32,55-58]. We tested this expectation of frequency-dependent adaptation 
experimentally by using Spea bombifrons tadpoles from natural populations that have diverged 
in the frequency with which they produce an environmentally induced carnivore ecomorph.  
Our results were consistent with frequency-dependent adaptation. Specifically, compared 
to tadpoles from allopatric populations (which express the carnivore ecomorph relatively 
infrequently), those from sympatric populations (which express the carnivore ecomorph 
frequently): 1) were superior competitors for shrimp, a resource for which carnivores are 
specialized [59] (Fig. 7.3, Table 7.2); 2) were more efficient at capturing and consuming shrimp 
(Fig. 7.4); 3) showed less variation in shrimp-capturing ability; 4) had more exaggerated 
carnivore features (Table 7.6); and 5) were more carnivore-like prior to experiencing an 
environmental cue--shrimp ingestion--that normally induces production of the carnivore 
ecomorph [39,45,60] (Fig. 7.5). We also found evidence that the omnivore ecomorph has 
undergone adaptive refinement in populations where this phenotype is expressed more 
frequently. Compared to tadpoles from sympatric populations (which seldom express the 
omnivore ecomorph), those from allopatric populations (which express the omnivore ecomorph 
frequently) were superior competitors for detritus, a primary resource of the omnivore ecomorph 
[59] (Fig. 7.3b). These results therefore suggest that neither selective environment produces 
tadpoles that are intrinsically superior across both diets. Instead, the selective environment that 




appears to produce a competitively superior version of that ecomorph. Thus, our data provide 
empirical support from natural populations for frequency-dependent adaptation.  
Regarding possible mechanisms of this frequency-dependent adaptation, we found no 
evidence that tadpoles from the two selective environments differed in: 1) intrinsic growth rate 
(Table 7.3); 2) time spent resting, swimming, eating, or active (Table 7.4); or 3) trait integration 
(Table 7.5). Sympatric tadpoles did, however, eat shrimp faster (Fig. 7.4) and exhibited less 
variation in shrimp-eating time than allopatric tadpoles.  Thus, the competitive advantage of 
sympatric tadpoles in utilizing shrimp (Table 7.2; Fig. 7.3) could be explained, in part, by 
sympatric tadpoles being better at capturing and consuming shrimp.  
Differences between selective environments in tadpole trophic morphology likely also 
contributed to the sympatric tadpoles’ competitive advantage on shrimp. Sympatric tadpoles had 
larger jaw (OH) muscles and mouthparts than allopatric tadpoles (Table 7.6). Both traits aid in 
the capture of large, mobile prey, such as fairy shrimp and tadpoles [50,61,62]. Indeed, previous 
work found a similar pattern. One such study [63] compared the morphology of experimentally 
reared tadpoles from sympatry versus allopatry and found that the former were more likely to 
express the carnivore morphology; the former also had significantly different jaw muscle (OH) 
allometry (the slope of the relationship between OH width and body length was steeper for 
tadpoles derived from sympatry than for those from allopatry). Another study [25] found that 
wild-caught tadpoles from sympatric populations were more carnivore-like in their morphology 
than wild-caught tadpoles from allopatric populations. Together with the present study, these 
studies suggest that populations that express the carnivore morph more frequently produce more 
exaggerated carnivore features and that those exaggerated features improve fitness. Thus, more 




As noted above, we found that sympatric tadpoles produced larger (more carnivore-like) 
jaw muscles than allopatric tadpoles, even prior to cue exposure (Fig. 7.5). This result implies 
that sympatric tadpoles: 1) may be primed to eat shrimp from early development (larger jaw 
muscles are needed to eat shrimp); and 2) do not need an environmental cue to develop the 
carnivore morphology. This result further suggests adaptive refinement of the carnivore 
ecomorph in sympatry relative to allopatry. At a mechanistic level, because tadpoles from 
sympatry start out more carnivore-like, they may have greater difficulty overcoming a potential 
trade-off in the ability to switch between morphs [64], and thus have greater difficulty 
developing as omnivores. Regardless of the exact mechanistic cause, this early phenotypic bias 
may be adaptive, given that selection favors carnivore production in sympatric populations of S. 
bombifrons [53]. 
Our finding that sympatric tadpoles do not need an environmental cue to produce 
carnivore-like jaw muscles suggests that the ancestors of these tadpoles might have undergone 
genetic assimilation of trophic morphology. Although genetic assimilation has previously been 
demonstrated in laboratory experiments [16,65,66], and theory supports its role in enabling 
populations to adapt to rapidly changing environments [6,10,67-72], its relevance to natural 
populations has been questioned (e.g., [3,4]). Interestingly, we also found evidence of genetic 
assimilation in jaw musculature from our competing tadpoles (Table 7.7). In this case, sympatric 
tadpoles had larger (more carnivore-like) jaw muscles in both diet treatments and exhibited the 
flat reaction norm characteristic of genetic assimilation [12,73]. Similarly, Levis et al. [74] found 
evidence of genetic assimilation in patterns of gene expression. Whereas gene expression 
profiles of allopatric tadpoles differed between detritus and shrimp diets, those of sympatric 




expression plasticity, and a peptidase gene (pm20d2) showed an overall decrease in expression in 
sympatry relative to allopatry, suggesting possible improved efficiency [74]. These studies, 
combined with those of other natural systems (e.g., [36,37,55,75-79]), point to the 
generalizability--and possible importance--of genetic assimilation.  
Additional studies are needed, however, to identify the mechanisms underlying any such 
genetic assimilation [72]. For instance, the gene expression differences mentioned above are 
consistent with genetic assimilation, but they could also be caused by persistent epigenetic 
changes (e.g., see [80]). To distinguish between genetic assimilation and ‘epigenetic 
assimilation’ as mechanisms underlying constitutive expression of a phenotype will require 
investigating whether constitutively expressed phenotypes are associated with DNA sequence 
changes versus epigenetic ‘tags’ (e.g., methylation). 
Returning to frequency-dependent adaptation, why should the frequency of trait 
expression drive the magnitude of its adaptive refinement? Frequency-dependent adaption is 
expected to occur for at least two, non-mutually exclusive, evolutionary reasons. First, 
differences in the size of subpopulations that express the phenotype should lead to differences in 
both: 1) the strength of selection relative to that of genetic drift, and 2) the number of variants 
exposed to selection per generation [2,81]. A rough analysis suggests that the subpopulation of S. 
bombifrons carnivores in sympatry is at least twice as large as that in allopatry. All else being 
equal, this difference across selective environments in numbers of carnivores suggests that 
selection should be at least twice as effective at acting on sympatric carnivore subpopulations 
than on allopatric carnivore subpopulations. Although the exact selection coefficients and 
effective populations sizes are unknown, selection favoring extreme carnivores in sympatry is 




strong directional selection, whereas allopatric populations are under weak disruptive (i.e., 
quintic rather than quadratic) selection [53]. Thus, the recurrent exposure of a relatively larger 
population size of carnivores in sympatry may have played a causal role in the adaptive 
evolution of this phenotype. Both factors—recurrence of phenotype expression and large 
population producing the phenotype—are likely needed for rapid adaptation, and the relative 
importance of each factor warrants further study. 
A second reason frequency-dependent adaptation should occur is that as a trait’s 
frequency of expression increases, so should the bias in the direction of selection on non-specific 
modifiers of that trait [2,82]. That is, selection on loci that show antagonistic pleiotropy among 
alternative phenotypes should favor those alleles that are best suited to the most frequently 
expressed phenotype [2].  This bias in modifier accumulation can alter the fitness consequences 
associated with different phenotypes in a population, and it can even cause such fitness effects to 
diverge among populations that diverge in the frequency at which these phenotypes are 
expressed. Indeed, a re-assessment of data from previous studies of this system [43,44] suggests 
that the covariance between carnivore morphology and body size (a proxy for fitness [48,52,53]) 
is nearly twice as large for sympatric tadpoles than for allopatric tadpoles (0.04013 versus 
0.02103). Using the Price equation [83], this suggests that sympatric populations might 
accumulate modifications to the carnivore phenotype nearly twice as fast as allopatric 
populations. Interestingly, for a difference in carnivore morphology of the magnitude observed 
between allopatric and sympatric populations to arise, it would take ~70 spadefoot generations, 
which corresponds to the estimated time (~150 years) that these two selective environments have 




accumulation, as a result of biases in phenotype production, may drive patterns of genetic and 
phenotypic divergence within (and potentially between) species.  
In conclusion, our findings provide evidence that the frequency of trait expression drives 
the magnitude of adaptive refinement. Thus, our results thereby support a key prediction of both 
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Table 7.1. Collection information for pairs used in these experiments.  
Pair (number) Sex Latitude Longitude 
Selective 
Environment 
A (1) F 34.6402 -99.3340 Allopatry 
A (1) M 34.6402 -99.3340 Allopatry 
B (2) F 40.0466 -101.5357 Allopatry 
B (2) M 40.0466 -101.5357 Allopatry 
C (4) F 39.6782 -104.0415 Allopatry 
C (4) M 39.6782 -104.0415 Allopatry 
D (7) F 40.0850 -101.4741 Allopatry 
D (7) M 40.0850 -101.4741 Allopatry 
E (8) F 41.9833 -100.3116 Allopatry 
E (8) M 41.9833 -100.3116 Allopatry 
F (10) F 33.9157 -98.4901 Allopatry 
F (10)  M 33.9157 -98.4901 Allopatry 
G (11) F 34.6402 -99.3340 Allopatry 
G (11) M 39.3065 -102.2692 Allopatry 
H (12) F 39.3871 -102.5939 Allopatry 
H (12) M 39.7412 -103.5932 Allopatry 
I (3) F 39.7337 - 103.8647 Allopatry 
I (3) M 39.7337 - 103.8647 Allopatry 
J (6) F 39.7589 -103.5178 Allopatry 
J (6) M 39.7543 -104.0412 Allopatry 
K (14) F 31.7397 -109.0988 Sympatry 
K (14) M 31.7397 -109.0988 Sympatry 
L (16) F 31.7397 -109.0988 Sympatry 
L (16) M 31.7397 -109.0988 Sympatry 
M (19) F 31.8354 -109.0321 Sympatry 
M (19) M 31.7882 -109.0641 Sympatry 
N (21) F 31.7882 -109.0641 Sympatry 
N (21) M 31.8124 -109.0518 Sympatry 
O (22) F 31.7408 -109.0767 Sympatry 
O (22) M 31.7397 -109.0988 Sympatry 
P (23) F 31.7364 -109.1008 Sympatry 
P (23) M 31.8124 -109.0518 Sympatry 
Q (15) F 31.7397 -109.0988 Sympatry 
Q (15) M 31.7397 -109.0988 Sympatry 
R (18) F 31.7882 -109.0641 Sympatry 
R (18) M 31.7882 -109.0641 Sympatry 




Table 7.2. Results from competition experiment, including (A) summary statistics from our 
model selection procedure; (B) results from our ANOVA on the interaction model; and (C) 
distance between group means in growth and their associated P value following false discovery 
rate correction (in parentheses). (A) and (B) indicate that the interaction between diet and 
selective environment was significant; (C) shows that this interaction was driven primarily by 
shrimp-fed sympatric tadpoles (Sym.shr) growing more than shrimp-fed allopatric tadpoles 
(Allo.shr), while detritus-fed tadpoles had comparable growth across both selective environments 
(Allo.det and Sym.det).  
A. Model selection         
Model AIC logLike χ2 P 
Null 832.99 -411.50 --- --- 
Diet 790.71 -389.35 44.29 2.84×10-11 
Selective environment 834.75 -411.37 0.00 1.000 
Diet + Selective 
environment 792.50 -389.25 44.25 2.90×10-11 
Diet:Selective environment 788.36 -386.18 6.14 0.013 
B. Type III sum of squares 
ANOVA         
Term χ2 P     
Intercept 53.14 3.11×10-13   
Diet 20.98 4.64×10-6   
Selective environment 0.04 0.841   
Diet:Selective environment 6.34 0.012   
C. Multiple comparisons 
test          
Group Allo.det Allo.shr. Sym.det   
Allo.shr 1.31 (0.001) --- ---  
Sym.det 0.11 (0.766) 1.42 (3.7×10-4) ---  






Table 7.3. Summary statistics comparing intrinsic growth rate between sympatric and allopatric 
tadpoles reared on alternative diets. P values less than 0.05 indicate that a given model was 
significantly better than the one above it. Diet was the only significant predictor of intrinsic 
growth rate. 
Model AIC logLike χ2 P 
Null 793.25 -392.62 --- --- 
Diet 768.54 -379.27 26.70 2.4×10-7 
Selective environment 795.24 -392.62 0.00 1.000 
Diet + Selective environment 770.54 -379.27 26.70 2.4×10-7 


















Table 7.4. Results from behavioral time budget assay comparison between tadpoles whose 
parents were derived from allopatry versus sympatry. Time spent performing the behaviors did 
not differ between selective environments. 
Resting AIC logLike χ2 P 
Null 106.49 -50.25 --- --- 
Selective environment 107.96 -49.98 0.53 0.466 
Eating AIC logLike χ2 P 
Null -57.30 31.65 --- --- 
Selective environment -55.73 31.87 0.43 0.510 
Swimming AIC logLike χ2 P 
Null 97.85 -45.93 --- --- 
Selective environment 99.51 -45.76 0.34 0.559 
Active AIC logLike χ2 P 
Null 104.56 -49.28 --- --- 

















Table 7.5. Summary of results from comparison of trait integration between tadpoles whose 
parents were derived from sympatry or allopatry. 




Correlation Z p q 
1 Det. Comp. MP DR -0.070 0.163 1.15 0.250 0.863 
2 Shr. Comp. MP DR 0.082 0.074 0.04 0.970 0.957 
3 Comb. Comp. MP DR 0.001 0.131 0.92 0.360 0.875 
4 Det. Sing. MP DR 0.210 0.114 0.48 0.630 0.932 
5 Shr. Sing. MP DR -0.031 -0.136 0.52 0.600 0.932 
6 Comb. Sing. MP DR 0.110 -0.032 1.00 0.320 0.875 
7 Det. Comp. DR GC 0.100 0.290 0.97 0.330 0.875 
8 Shr. Comp. DR GC 0.265 0.128 0.70 0.480 0.883 
9 Comb. Comp. DR GC 0.170 0.243 0.53 0.590 0.932 
10 Det. Comp. MP GC -0.015 -0.157 0.70 0.480 0.883 
11 Shr. Comp. MP GC 0.178 -0.099 1.37 0.170 0.829 
12 Comb. Comp. MP GC 0.064 -0.083 1.04 0.300 0.875 
13 Det. Sing. DR GC 0.144 0.284 0.72 0.470 0.883 
14 Shr. Sing. DR GC 0.189 -0.002 0.94 0.340 0.875 
15 Comb. Sing. DR GC 0.142 0.159 0.13 0.900 0.953 
16 Det. Sing. MP GC 0.058 0.028 0.15 0.880 0.953 
17 Shr. Sing. MP GC 0.021 -0.124 0.72 0.470 0.883 
18 Comb. Sing. MP GC 0.018 -0.014 0.22 0.820 0.953 
19 Det. Comp. DR OH 0.038 0.297 1.32 0.190 0.829 
20 Shr. Comp. DR OH -0.079 0.181 1.29 0.200 0.829 
21 Comb. Comp. DR OH -0.006 0.244 1.79 0.070 0.829 
22 Det. Comp. GC OH 0.101 0.233 0.69 0.490 0.883 
23 Shr. Comp. GC OH -0.030 0.004 0.17 0.870 0.953 
24 Comb. Comp. GC OH -0.040 0.155 1.38 0.170 0.829 
25 Det. Comp. MP OH 0.055 0.066 0.06 0.950 0.957 
26 Shr. Comp. MP OH 0.012 -0.040 0.26 0.800 0.953 
27 Comb. Comp. MP OH 0.038 0.021 0.12 0.900 0.953 
28 Det. Sing. DR OH 0.048 -0.041 0.43 0.660 0.936 
29 Shr. Sing. DR OH -0.006 0.020 0.12 0.900 0.953 
30 Comb. Sing. DR OH 0.027 -0.013 0.28 0.780 0.953 
31 Det. Sing. GC OH -0.258 0.027 1.40 0.160 0.829 
32 Shr. Sing. GC OH -0.263 -0.184 0.41 0.680 0.936 
33 Comb. Sing. GC OH -0.262 -0.047 1.56 0.120 0.829 
34 Det. Sing. MP OH -0.105 -0.002 0.51 0.610 0.932 




36 Comb. Sing. MP OH 0.084 0.303 1.61 0.110 0.829 
37 Comb. Both MP DR 0.043 0.053 0.10 0.920 0.953 
38 Comb. Both MP GC 0.039 -0.081 1.20 0.230 0.863 
39 Comb. Both MP OH 0.057 0.192 1.38 0.170 0.829 
40 Comb. Both DR GC 0.161 0.199 0.39 0.700 0.936 
41 Comb. Both DR OH 0.010 0.097 0.87 0.380 0.875 























Table 7.6. Results of type III sum of squares ANOVA on trophic traits. For each trait, bolded 
values denote which variables were significant predictors.  
  Mouthpart score 
Term χ
2 P 
Intercept 22.18 2.48 × 10-6 
Diet 0.01 0.939 
Selective environment 8.21 0.004 
Treatment type 0.14 0.705 
Diet:Selective environment 0.22 0.635 
Diet:Treatment type 0.12 0.728 
Selective environment: Treatment type 0.04 0.836 
Diet:Selective environment:Treatment type 0.02 0.887 
  Number of denticle rows 
Term χ
2 P 
Intercept 111.00 2.00 × 10-16 
Diet 0.31 0.576 
Selective environment 9.59 0.002 
Treatment type 1.55 0.214 
Diet:Selective environment 0.00 0.977 
Diet:Treatment type 0.08 0.776 
Selective environment: Treatment type 2.63 0.105 
Diet:Selective environment:Treatment type 0.94 0.333 
  Orbitohyoideus width 
Term χ
2 P 
Intercept 8.67 0.003 
Diet 8.85 0.003 
Selective environment 7.58 0.006 
Treatment type 0.42 0.518 
Diet:Selective environment 4.49 0.034 
Diet:Treatment type 1.69 0.194 
Selective environment: Treatment type 0.25 0.620 
Diet:Selective environment:Treatment type 6.52 0.011 
  Number of gut coils 
Term χ
2 P 
Intercept 1029.53 2.00 × 10-16 
Diet 0.53 0.465 
Selective environment 0.25 0.615 




Diet:Selective environment 1.66 0.198 
Diet:Treatment type 2.29 0.130 
Selective environment: Treatment type 1.42 0.233 












































Table 7.7. (A) Summary of type III sum of squares ANOVA of orbitohyoideus (OH) width from 
tadpoles reared in competition. (B) Results from post-hoc comparison among selective 
environment-diet groups. Values denote the distance between group means in OH width and the 
associated P value in parentheses. In both panels A and B, bolded values indicate statistical 
significance.  
A. Type III sum of squares ANOVA       
Term χ2 P   
Intercept 8.37 0.004  
Diet 9.06 0.003  
Selective environment 6.91 0.009  
Diet:Selective environment 5.09 0.024  
B. Multiple comparisons test        
Group Allo.det Allo.shr. Sym.det 
Allo.shr 0.048 (0.018) --- --- 
Sym.det 0.061 (0.003) 0.013 (0.578) --- 















Table 7.8. Summary of type III sum of squares ANOVA of orbitohyoideus (OH) width from 
tadpoles reared as singletons. Bolded values indicate statistical significance. 
Term χ2 P 
Intercept 6.11 0.013 
Diet 1.41 0.236 
Selective environment 6.27 0.012 










Fig. 7.1. Spadefoot toad polyphenism. (a) In many populations, plains spadefoot toads, Spea 
bombifrons, produce among their tadpoles either (b) omnivores or (c) carnivores. These 









Fig. 7.2. Geographical ranges of Spea bombifrons and S. multiplicata, showing: 1) locations of 
collection sites for adults used to generate tadpoles for the experiments (stars), and 2) previously 
estimated percentages of each ecomorph produced in the wild within each selective environment 


















Fig. 7.3. Evidence of frequency-dependent adaptation. Tadpoles from sympatric populations 
(where carnivores are produced frequently): (left) grew more on, and (right) won more contests 
over, the resource for which carnivores are adapted--shrimp--than did tadpoles from allopatric 
populations (where carnivores are produced infrequently). By contrast, tadpoles from allopatry 






Fig. 7.4. A mechanism of frequency-dependent adaptation. Tadpoles from sympatric populations 
(where carnivores are produced frequently) ate shrimp faster than tadpoles from allopatric 






Fig. 7.5. Evidence of genetic assimilation of trophic morphology. Even in the absence of a 
dietary cue that normally induces carnivores, tadpoles from sympatric populations (where 
carnivores are produced frequently) developed more carnivore-like jaw muscles (OH) than 













PLASTICITY-LED EVOLUTION: A SURVEY OF DEVELOPMENTAL MECHANISMS 
AND EMPIRICAL TESTS 
 
Co-authors: David W. Pfennig 
Introduction 
 The environment has long been viewed as crucial in both selecting on phenotypes and in 
creating those phenotypes in the first place (e.g., [1-6]). However, the notion that the 
environment can serve this dual role remains contentious [7-9]. This debate has been 
reinvigorated with renewed interest in environmentally initiated phenotypic change (i.e. 
phenotypic or developmental ‘plasticity’; [6,10]). Specifically, many researchers have begun 
asking whether and how such developmental flexibility can precede and facilitate the evolution 
of novel, complex, adaptive traits (e.g., [6,11-13]). Under this view, novel traits start out 
evolutionarily as environmentally induced phenotypic variants. Later, they come under genetic 
control through selection on developmental processes. Taken together, these steps—
environmental induction, subsequent refinement, and possible transition to genetic control—
constitute the plasticity-led hypothesis of adaptive evolution (see also [5,6,14]; sensu [15]). 
The process of plasticity-led evolution (hereafter, ‘PLE’) begins when individuals 
encounter a novel environment. Typically, exposure to a novel environment is stressful, and 
plastic responses to such environments may often be maladaptive. However, many organisms 
have also evolved phenotypic plasticity to mitigate such stress and potentially enhance their 
fitness under the new conditions [11,16]. Following induction, this environmentally induced 




developmental and physiological processes (i.e., 'phenotypic accommodation' occurs; sensu 
[6,11,17,18]). Yet, if different genotypes stabilize the induced phenotype in different ways 
and/or they exhibit different reaction norms, then selection can act on this variation and improve 
the new phenotype’s functionality by promoting the evolution of heritable changes (i.e.,  ‘genetic 
accommodation’ occurs; [6,12,19,20]). Moreover, selection can favor either increased 
environmental sensitivity [21]--which might, in the extreme, lead to the evolution of a 
‘polyphenism’ (sensu [22])—or decreased environmental sensitivity [21]--which might favor 
canalization of a particular variant and loss of plasticity (i.e., 'genetic assimilation'; sensu [23]). 
Ultimately, PLE results in an adaptive phenotype that began as an environmentally induced 
variant (e.g., see Fig. 8.1). 
Despite increasing support for PLE (e.g., [13,24-28]), at least three important gaps 
remain. First, phenotypic plasticity is inherently a developmental phenomenon. Yet, little is still 
known about how different developmental mechanisms influence how PLE unfolds. For 
example, some developmental systems might be biased in the types of variants that are produced 
under stressful conditions [11]. That is, particular developmental features and responses might 
bias the types of phenotypes that are produced [29]. Indeed, in some cases, environmentally 
induced phenotypes might be somewhat well-suited to novel conditions when they are initially 
expressed. Similarly, we also know relatively little about the types of traits and taxa that are 
likely to experience PLE. Ascertaining whether some traits and/or taxa are particularly prone to 
undergo PLE is important because such traits/taxa may be particularly useful for studying PLE. 
Finally, and related to the previous point, it is unclear how best to study PLE. Indeed, as noted 
above, although recent reviews have concluded that PLE may have played an important role in 




Fig. 8.1), some researchers remain skeptical of PLE as a general and important route to 
evolutionary novelty [8,9,30]. This ongoing skepticism suggests that more empirical testing of 
PLE theory is needed. 
In this paper, we seek to help overcome these shortcomings. Our central premise is that 
the mechanisms that underlie plasticity must be identified if we are to fully appreciate plasticity’s 
impacts on evolution. Moreover (and of relevance to this special issue), because different 
developmental mechanisms might bias PLE, these same mechanisms might ultimately bias 
plasticity’s downstream evolutionary consequences.  
We therefore begin our paper by briefly synthesizing the relationships among PLE and 
various developmental mechanisms. We especially focus on how different developmental 
mechanisms might make PLE more or less likely to occur and thereby bias PLE. We then shift 
our attention from discussing the theory of PLE to examining the empirical tests of PLE in light 
of this theory. Connecting theory to empirical research is important, but it is vital to know 
whether or not empirical tests of PLE are following the prescribed theory. We conclude our 
paper by further integrating the theory and data to suggest future directions of inquiry. Through 
this approach, we hope to identify any underrepresented areas of investigation (e.g., 
developmental processes or types of traits or taxa) that may yield valuable insights into PLE.  
 
How different developmental mechanisms might bias PLE 
 As noted in the Introduction, PLE hinges on the dual ability of an organism’s 
developmental systems to: 1) generate a viable phenotypic variant in the face of environmental 
perturbation, and 2) have this phenotypic variant undergo subsequent adaptive refinement. Here, 




conclusion from this speculation is that some of the same developmental mechanisms that 
promote evolvability (sensu [31]) likely also promote PLE. 
  Indeed, many aspects of developmental systems allow for the flexible accommodation of 
disruptive stimuli (e.g., environmental stress or new mutation) and can even facilitate and bias 
the production of novel (and in some cases heritable and/or adaptive) phenotypic variation 
[11,32]. A key feature of these processes is an ability to reduce constraints among other 
developmental mechanisms and permit exploration or acquisition of alternative developmental 
and phenotypic states. Major categories of conserved developmental processes that promote such 
‘deconstraint’--and that can thereby foster PLE--include: 1) flexible regulation; 2) modularity; 
and 3) exploratory mechanisms (for a detailed explanation of how these categories contribute to 
evolvability, see [31,33]). Below, we speculate on how each of these three developmental 
features might impact and possibly even bias PLE. 
 
Flexible regulation  
 Flexible regulation is widespread in developmental systems and likely important for PLE. 
As an example of flexible regulation, consider that many signaling molecules and signal 
transducers can modify, inhibit, or promote (i.e., regulate) activities performed by other 
molecules, and that these regulatory molecules typically have numerous targets [34-37]. This 
diversity of targets is important, because it can both reduce the number of mutational steps 
required to evolve new regulatory connections [31,38-40] and provide numerous opportunities 
for the environment to influence development. 
Flexible versatile regulation might be relevant to both major stages of PLE by 1) 




this phenotypic variant to undergo subsequent adaptive refinement. Regarding this first step, the 
number and diversity of connections that can be re-wired to generate new phenotypic outcomes 
is often large and therefore offers ample opportunities for environmentally-contingent changes to 
occur. For example, the diversity and abundance of trans regulatory variants (e.g., transcription 
factors, environmental sensors, non-coding RNAs, co-activating proteins, etc.) is quite large 
[41,42] and is often orders of magnitude larger than that of cis regulatory variants [43-45]. This 
large mutational target space may increase the likelihood of a trait becoming decoupled from its 
environmental cue and/or experiencing various other modifications to its expression [40]. Of 
course, most traits are governed by numerous genetic variants [46], and these variants often show 
non-additive effects because of their network structure [40,47-49], which provide additional 
targets for changes to gene-by-environment (or gene-by-gene) interactions. When we also 
consider additional molecular processes, such as post-translational regulation of proteins or 
changes in protein-protein interactions, then the target space for changes in environmental 
sensitivity and developmental trajectory becomes even greater. However, such flexible 
regulation can bias developmental and phenotypic possibilities insofar as any new developmental 
variants that arise are critically dependent on, and must be integrated with, existing variation, 
pathways, and networks [29,36,37].  
Flexible regulation is also relevant to the second step of PLE. Specifically, during the 
adaptive refinement phase of PLE, flexible versatile regulation can reduce the mutational steps 
needed to stabilize and refine a novel phenotypic variant. Such a reduction could, in turn, 
increase the likelihood and rate of genetic accommodation and/or genetic assimilation [40]. 
Regulatory variants (such as those mentioned above) that cause signaling activity in 




assimilation. One example of such an environmentally insensitive variant has been described in 
strains of Saccharomyces cerevisiae that possess an allele of GPA1, a component of the mating 
pheromone responsive mitogen activated protein kinase (MAPK) pathway. This variant shows 
high activity, even in the absence of the mating pheromone [41]. Similarly, a derived allele at the 
ptch1 locus in Lake Malawi cichlids has contributed to reduced environmental sensitivity (i.e., 
reduced plasticity) in jaw functionality [50]. Finally, numerous studies have identified reductions 
in gene expression plasticity [51-54] or shifts in thresholds of induction in derived populations 
compared to ancestral ones [19,55-57]. Thus, changes in gene regulation are a common, if not 
required, route to genetic assimilation (we say "not required", because changes in gene regulation 




 Modularity refers to the degree of correlation among various genetic, developmental, 
and/or functional components and determines the ease with which these components can be 
separated and recombined, thereby determining flexibility [6,59]. By permitting the semi-
independent regulation and evolution of different developmental processes, modularity can 
reduce constraints [6,31,60]. Moreover, modularity can reduce pleiotropy caused by a new 
mutation or environmental input and thereby permit greater levels of genetic and phenotypic 
variation to arise [6,61]. Modularity can therefore play an important role in PLE. 
Modularity is related to the concept of developmental switches. In particular, 
development can be viewed as a branching series of decision points (‘switches’; [6,62,63), where 




would mark lower level modules. Thus, this branching series of decision points creates a 
modular hierarchy of development. Because inputs from the environment can influence where, 
when, and how branching patterns develop (potentially by altering regulatory interactions; see 
above), modular development helps make PLE possible by facilitating the production of new 
variation [12,38,64,65]. 
In addition to helping produce new developmental variants by rewiring modules, 
modularity may also be important during the adaptive refinement phase—especially toward 
canalization—of PLE. Once a new phenotypic variant arises in a population, modularity can 
allow the form and regulation of each variant to evolve and be refined by selection without 
necessarily affecting the refinement of other variants [6,12,15,66]. Such semi-independent 
refinement could allow a population to undergo continuous adaptation to a variety of 
environments simultaneously. 
Modularity can impact PLE when relaxed selection and bias in accumulation of non-
specific modifiers lead to the fixation of a previously environmentally induced phenotypic 
variant. Specifically, when one phenotypic variant is expressed and exposed to selection, 
modules associated with the alternative variants are not expressed and exposed to selection [67]. 
These alternative variants may then be subject to relaxed selection and thereby accumulate 
variation that could reduce their phenotypic effects and functionality [12,66-69]. Such 
deterioration may inhibit alternative states from being produced altogether and result in 
phenotypic canalization [70]. This same process could also foster the accumulation of genetic 
variation that, under different environmental conditions, could restart the PLE sequence 




frequency of expression of alternative, plastically-induced modules biasing what phenotypes are 
available to development and evolution. 
A similar route through which modularity (more precisely, imperfect modularity) might 
contribute to canalization during PLE is if selection is acting on loci that show antagonistic 
pleiotropy among environmentally induced phenotypic variants. If such pleitropy exists, then 
selection should favor regulatory changes (e.g., mutations) that modify and improve the most 
frequently expressed variant [6,72], even if this is at the detriment to other such variants. This 
bias in modifier accumulation should drive a pattern of frequency-dependent adaptation [15], 
such that the more often a phenotype is produced, the greater its magnitude of adaptive 
refinement [6,13]. In contrast to the first route above, in which relaxed selection passively erodes 
alternative variants, in this second route, selection favors mutations that improve a specific 
phenotypic variant, actively erodes alternative variants, and may thereby bias available 
phenotypic variation for future generations. 
Although either passive or active erosion could produce a pattern of canalization [70], 
active erosion is closer to West-Eberhard’s [6] original concept of genetic accommodation. This 
is because active erosion of alternative phenotypes involves selection favoring regulatory 
changes to a particular variant, and it may ultimately bring different developmental modules 
under common control (i.e., improve their integration; [73]). In addition, both active and passive 
erosion likely occur simultaneously, but active erosion may be a more important driver of 
canalization since loss of plasticity through passive forces could take a prohibitively long time 
[68]. Regardless of the mechanism, when fixation of a single alternative phenotype occurs, it is 
expected to be accompanied by accelerated evolution of the fixed trait [6,26,74]. Thus, any 




phenotypes gets fixed can have far-reaching implications for subsequent bouts of evolutionary 
change.  
 
Exploratory mechanisms  
 Exploratory mechanisms (or mechanisms of developmental selection) comprise the final 
category of features we will discuss. These mechanisms, which include, but are not limited to, 
cytoskeleton formation [31], neuron growth and development [75], neuronal connections [76], 
tissue architecture [32], vertebrate adaptive immunity [31], plant growth and foraging [77], 
habitat choice [78] and trial-and error learning [6], can provide high sensitivity to local 
conditions and thereby often produce adaptive outcomes. In general, these processes constitute 
some form of environmental sampling and reinforcement such that certain aspects of the 
phenotype are reinforced during development in response to feedback from the environment 
[6,79,80]. That is, these mechanisms often begin with extreme levels of variation that are 
subsequently reduced and refined to only include those responses that afford the greatest benefit 
[6,31]. Depending on the exact mechanism under investigation, the environment being sampled 
can be either internal or external to the organism. 
These mechanisms are relevant to evolution because they often yield functional 
outcomes, and because they reduce the number of mutations necessary to generate new 
functional interactions or morphologies (discussed in [6,31]). Unlike the processes described 
above whose capacity to bias developmental and phenotypic outcomes largely stems from their 
interdependence with existing developmental processes, biases produced by exploratory 
mechanisms may be more likely to result from variation among environments (broadly defined) 




and/or intensity of signals received from alternative environments could bias which phenotypes 
develop and ultimately evolve [66,81]. 
Exploratory mechanisms are likely a powerful force during both PLE’s initial stages 
(particularly when a new phenotypic variant is first accommodated by developmental processes) 
and final stages (when selection may favor genetic assimilation). Through the use of fine-grained 
local responses generated by subunits of the larger phenotype, exploratory mechanisms can yield 
organized developmental configurations that are well-suited to the current environment 
[32,82,83]. In this way, exploratory mechanisms can produce appropriate phenotypes even under 
novel conditions [84]. However, the high costs typically associated with such mechanisms may 
make the phenotypes they produce more prone to genetic assimilation [32,85]. 
Learned traits might have an especially high evolutionary potential. Such traits can both 
produce close phenotype-environment matching and result in recurrent expression of behavioral 
traits. This recurrence exposes behavior and associated morphology and physiology to context-
specific selection, which can result in fine-tuned responses [6,86]. The ability of learning to 
expose a complex suite of behavioral, morphological, and/or physiological traits to context-
specific selection may make the transition of a phenotype from environmentally induced to 
genetically determined particularly likely [87]. Moreover, because learning has the 
characteristics of an exploratory mechanism, responses that are learned in a new environment 
may be well-calibrated to that environment and require minimal adaptive refinement (i.e., they 
potentially could become adaptive more rapidly than other traits). 
More generally, behavior has long been recognized as playing a key role during PLE 
(e.g., [1,88-91]). Indeed, behavior is often described as ‘hyperplastic’ because of the wide array 




internal environment). Behavioral responses are most likely to influence PLE during the initial 
transition to a novel environment by facilitating the accommodation of any new environmental 
stresses or inputs [6,11]. Moreover, behavior (or any exploratory mechanism) may also be 
important for reducing the amount of environmental variation an organism experiences and help 
drive specialization to a particular environment (i.e., genetic accommodation; [86]) and 
potentially even canalization (i.e., genetic assimilation; [92]). We discuss the special role of 
behavior in more detail below (see Traits used in the study of PLE). 
 
The plasticity mechanisms continuum 
 The developmental mechanisms underlying plastic responses have been categorized as 
occurring along a continuum from ‘deterministic’ (or ‘one shot’) to ‘exploratory’ (or ‘labile’) 
[32,83,84,93]. The ends of this continuum consist of such phenomena as discrete polyphenisms 
on the deterministic side and trial-and-error learning on the exploratory side. Here, we discuss 
attributes of these extremes and how they might affect PLE (Table 8.1). An important conclusion 
to emerge from our discussion is that the extreme ends of this plasticity mechanisms continuum 
can either facilitate or impede PLE (reviewed in Table 8.1). The balance among these 
mechanisms likely determines which outcome occurs. 
We begin by discussing how deterministic processes can facilitate PLE in at least two 
ways and impede PLE in at least one way. First, to understand how deterministic processes can 
facilitate PLE, recall from above that regulation of transcription and signal transduction of 
external stimuli often have both switch-like properties and modular network-like structure. Any 
changes at higher levels of the regulatory network can therefore have dramatic consequences for 




might be particularly important for generating phenotypic variation (Fig. 8.2). This is because 
gene expression is often dependent on the presence or absence of particular cis regulatory 
sequences, and any changes to such sequences that disrupt transcription factor binding or 
otherwise modify expression levels can cause dramatic changes to the resulting phenotypes 
[40,94-96]. In addition to cis regulatory changes, alterations to the coding sequences controlling 
formation of binding and effector sites of signal transduction molecules or transcription factors 
(i.e., trans regulatory changes) could also result in dramatic changes to development and 
phenotype production [40]. If any such genetic changes (cis or trans) can supplant 
environmentally sensitive processes that govern the same phenotype, then selection might favor 
genetic assimilation (i.e., loss of environmental induction and fixation of the phenotype; e.g., 
[19,23,40,50,97]. In this way, deterministic processes can facilitate some aspects of PLE. 
 There is a second way that deterministic processes can facilitate PLE. Because signals 
only activate or inactivate a switch without directly guiding its downstream activity or 
interactions [31], the phenotypic variants produced by deterministic (switch-like) processes 
under novel conditions may have greater variation in their fitness effects than exploratory 
mechanisms. That is, by chance, any variants produced may be adaptive, maladaptive, or 
selectively neutral in the new environment. This might be expected, at least in part, because 
switch-like plasticity (e.g., polyphenisms) would have presumably evolved in coordination with 
cues that predict particular environmental conditions [98,99]. Moreover, whether such plasticity 
is adaptive in a new environment depends on whether that particular environment is novel 
relative to those environments in which the plasticity evolved [32]. For example, if the 
environment undergoes an extreme shift or changes in a discrete way (e.g., introduction of new 




phenotype [32]. Yet, such environmental changes might uncover previously cryptic genetic 
variation and thereby reveal a range of developmental and phenotypic variation [11,100-102]. 
Natural selection works most effectively when there is abundant variation, and recent work 
suggests that even maladaptive plastic responses could potentiate rapid evolution and adaptation 
[100,103,104]. Thus, the relatively broad distribution of potential phenotypic outcomes 
following a change in the environment could facilitate genetic accommodation (and PLE).  
  Alternatively, the relatively low cost with which deterministic processes generate 
variation can actually impede genetic assimilation [83] and thereby preclude PLE. Consider that, 
compared to exploratory mechanisms, deterministic processes generally require less time, 
energy, and resources to enact their effects [6,31,83]. Yet, some theoretical models suggest that 
genetic assimilation will not occur unless plasticity is costly [85,105]. Thus, the lower costs of 
phenotype production associated with deterministic processes might ultimately impede genetic 
assimilation. 
Exploratory mechanisms may facilitate PLE in at least three ways and impede some 
outcomes of PLE in at least one way. First, exploratory mechanisms typically require greater 
time, resources, and/or, energy to produce a phenotype than deterministic processes (i.e., they are 
more costly; [32]), and these greater costs might make genetic assimilation more likely for traits 
impacted by exploratory mechanisms [83,93]. If an individual can produce the same phenotype 
with a deterministic process as with an exploratory mechanism--without wasting time, energy, 
and resources associated with the more-costly exploratory mechanism--then the deterministic 
process should be favored by selection. Furthermore, the relatively high costs of exploratory 
mechanisms may drive the selective loss of plasticity altogether [83,85]. Second, the relatively 




reduce the amount of environmental variation an organism experiences (e.g., via habitat choice). 
This, in turn, might favor the loss of plasticity and/or increased specialization toward that 
environment (i.e, genetic assimilation and/or accommodation; [86,92]). Moreover, exploratory 
mechanisms may be more likely to experience developmental bias than deterministic ones. 
Exploratory mechanisms continually attune phenotypic responses to prevailing environmental 
conditions rather than simply switch a process on or off without continual updating. Early rounds 
of sampling and phenotype updating during development might restrict which areas of phenotype 
space can be explored by later rounds of sampling during development. Finally, exploratory 
mechanisms such as plasticity in behavior and learning can shield genetic variation from 
selection and thereby allow genetic variation to accumulate and potentially be released if the 
environment changes [106,107]. Thus, the relatively high costs, the ability to match prevailing 
environmental conditions, the continual sampling and updating during development, and the 
buffering capacity of exploratory mechanisms could allow exploratory mechanisms to drive, and 
potentially bias, parts of PLE.  
Alternatively, exploratory mechanisms might impede genetic assimilation. Because these 
mechanisms often generate phenotypes that closely match current environmental conditions, they 
might generally shield populations from the effects of selection favoring genetic assimilation. 
Indeed, if the environment changes frequently, selection might instead favor any exploratory 
mechanism--and the resulting enhanced plasticity--that enables phenotype-environment 
matching across diverse environments.  
In sum, while PLE may be a general process by which adaptation and novelty arise, the 




may yield different evolutionary outcomes. Thus, understanding the developmental basis of any 
given plastic response is essential for understanding its evolution. 
Having examined the theoretical relationships among PLE and various developmental 
mechanisms, we now shift our attention to examining the empirical tests of PLE in light of the 
above theory. 
 
Traits and taxa used to study PLE 
 As noted in the Introduction, recent reviews have confirmed that PLE likely plays an 
important role in the evolution of novelty and adaptation in both laboratory and natural systems. 
Here we ask: are some traits and taxa used more than others to test PLE theory? Answering this 
question is important, because it is essential to clarify whether empirical tests of PLE are 
following the theory. Our goal in this section is therefore to both highlight potential 
inconsistencies in which traits or taxa are used in the study of PLE and to identify potential study 
systems that may be useful for deeper explorations of development in the context of PLE1.  
 
Traits used in the study of PLE 
We reviewed 150 papers that explored topics related to PLE (Fig. 8.3) and categorized 
the focal trait(s) as ‘morphological’, ‘physiological’, ‘behavioral’, ‘life history’, and/or ‘other’. 
This approach yielded 202 traits. ‘Morphological’ traits dominated the literature with 91 traits 
(45.1%). ‘Physiological’, ‘behavioral’, and ‘life history’ traits occurred at similar levels (39, 34, 
 
1 In our literature survey, we found that many terms have been used to describe PLE. For example, the ‘Baldwin 
effect’ and ‘genetic assimilation’ are both possible outcomes of genetic accommodation (the adaptive refinement 
step of PLE). Moreover, ‘plasticity-first evolution’ is sometimes used synonymously with PLE. However, we do not 
use this phrase here, because it has caused confusion regarding the importance versus order of events during an 
evolutionary sequence. Although there are slight nuances among the above terms (e.g., [108]), we consider them all 




and 32 traits, respectively; 19.3 %, 16.8%, and 15.8%, respectively). There were few traits 
categorized as ‘other’ (6 traits; 3.0%), and these were primarily performance-based traits (e.g., 
biting force, locomotor performance, salinity tolerance) or measures of gene expression.  
Most studies contained only a single trait category: 55 ‘morphological’, 20 
‘physiological’, 14 ‘behavioral’, 12 ‘life history’, and 3 ‘other’. Of the 40 studies that contained 
two trait categories (either two separate traits or a single trait composed of two categories), 11 
studies did not contain a ‘morphological’ trait, and 29 studies included ‘morphological’ with one 
of the other four categories. Only five of the two-trait studies contained ‘behavioral’ and 
‘morphological’ categories together. Finally, six studies had three trait categories, and each of 
these studies contained both the ‘morphological’ and ‘behavioral’ categories.  
  Theory predicts that behavioral traits and complex traits may be particularly important 
during PLE [18,87]. For example, Price et al. [87] proposed that moderate levels plasticity are 
most conducive to PLE. They further suggested that complex traits that include both a behavioral 
component (which tends to be highly plastic) as well as either a morphological or physiological 
component (which tend to be less plastic) are most likely to constitute moderate levels of 
plasticity and to therefore undergo PLE. That most studies explored only a single trait category 
indicates that such complex traits (sensu [87]) are not being explored at the rate that perhaps they 
should.  However, we did find some evidence of empirical work aligning with these theoretical 
predictions: of the 46 studies that contained multiple trait categories, 43% contained a behavioral 
trait, and all three-trait category studies contained a behavioral and morphological trait. It is 
possible that the traits measured in these studies are ‘complex’, but their constituent parts have 




More generally, the paucity of studies focusing on any behavioral traits (or complex traits 
with a behavioral component) is surprising. Indeed, behavioral traits have only been investigated 
roughly a third as often as morphological traits. Yet, many researchers have suggested that 
‘exploratory plasticity’ in general, and behavioral plasticity in particular, may be especially 
important in jump starting genetic evolution; i.e., PLE (e.g., [1,6,87-91,109-112]). Mayr ([109], 
p. 604), for example, wrote: “A shift into a new niche or adaptive zone is, almost without 
exception, initiated by a change in behavior. The other adaptations to the niche, particularly the 
structural ones, are acquired secondarily.” 
There are examples in which behavioral plasticity appears to have instigated 
morphological evolution. We highlight two such examples here. The first involves the evolution 
of eusociality in insects. Eusociality is a highly complex, derived trait that is characterized by 
overlapping adult generations, cooperative brood care, and a reproductive division of labor, 
which is often manifested as distinct behavioral categories or ‘castes’ [113]. Recent studies have 
shown that rudimentary castes can be experimentally induced through forced association of 
typically non-associating females, suggesting that ancestral behavioral plasticity for eusociality 
might have been present in solitary (or subsocial) forms (reviewed in [27]).  
A second example involves the evolution of the rattlesnake’s rattle. The rattlesnake’s 
rattle is one of nature’s most spectacular signals, and it has evolved only once in rattlesnakes 
[114]. A recent study provided evidence suggesting that the rattle might have originated 
following the elaboration of a common form of behavioral plasticity in squamate reptiles: 
vibrating the tail when threatened (a). By reconstructing the ancestral state of defensive tail 
vibration, Allf et al. [112] showed that this behavior is nearly ubiquitous in the Viperidae (the 




nearly all of which are nonvenomous), suggesting a shared origin for the behavior between these 
families. After measuring tail vibration in dozens of species of Viperidae and Colubridae, they 
further showed that the more closely related a species was to rattlesnakes, the more similar it was 
to rattlesnakes in duration and rate of tail vibration. From these data, Allf et al. [112] speculated 
that tail vibration by rattleless ancestors of rattlesnakes might have served as the signal precursor 
to rattlesnake rattling behavior. Moreover, they suggested that this environmentally induced 
behavior might have preceded--and even facilitated--the evolution of the rattle either by exposing 
existing morphological variants to novel selection pressures or following genetic assimilation of 
callus-type formation wrought by repeated tail vibration. 
We hasten to add, however, that whether and how behaviors influence evolution--
particularly, whether behavior often leads morphological evolution--remains the subject of 
intense debate [90]. For example, many researchers have pointed out that, rather than facilitating 
morphological evolution, behavioral changes can also retard morphological evolution by hiding 
genetic variation from selection [115-118]. Indeed, recall from above that Price et al. [87] 
suggested that highly plastic traits alone, such as behavioral traits, tend to impede evolution. 
More generally, it is often hard to ascertain which type of traits--behavior, physiology, or 
morphology--truly evolved first and which evolved secondarily. 
Despite our long discussion of the importance of behavior in PLE, we want to end this 
section by noting the important role that further study of morphology will play. Morphological 
changes in the context of PLE have been well-documented in many systems, possibly because 
morphology is generally easier to study than behavior. Thus, morphology may be the best 





Taxa used in the study of PLE 
 The study organism(s) in the 150 papers mentioned above were categorized as 
angiosperms, bacteria, invertebrates, prions, or vertebrates. If a study focused on multiple 
groups, each group was included. We then sub-divided our categorization of vertebrates into 
amphibians, birds, fish, mammals, and non-avian reptiles. Likewise, we further sub-divided 
invertebrates into annelids, arthropods, echinoderms, mollusks, and nematodes. Because 
arthropods greatly outnumbered the other groups, we then divided this category further into 
arachnids, collembolans, crustaceans, and insects.  
  Although PLE has been studied at a wide taxonomic breadth, most studies focus on 
animals (Fig. 8.4a), with vertebrates slightly outpacing invertebrates. Of the former (Fig. 8.4b), 
fish were the most commonly used vertebrate. This focus on fish likely reflects their diversity 
and abundance (i.e., there are more species of fish than all other vertebrate groups; [120]), the 
relative ease with which they can be studied in the laboratory, and their numerous adaptive 
radiations (e.g., [121-123]). Furthermore, fish have well-developed genetic and genomic 
resources (e.g., [124-126]). These features make this group an obvious choice for investigating 
the significance of various developmental mechanisms during PLE (see How different 
developmental mechanisms might bias PLE). Perhaps even more powerfully, the fact that a 
diversity of traits (e.g., ecomorphology, parental care strategy, salinity tolerance, etc.) are often 
studied in a single species (e.g., three-spined stickleback; Gasterosteus aculeatus) means that 
new discoveries on development in one context (e.g., paternal care) may be directly compared to, 
or used to inform, developmental studies of the same organism in other contexts (e.g., salinity 
tolerance). Avoiding comparisons at high taxonomic levels (e.g., between species) should help 




Not surprisingly, arthropods (especially, insects) are the most commonly studied 
invertebrates (Fig. 8.4c,d), and, among insects, Diptera (10 studies) and Hymenoptera (6 studies) 
are the most commonly studied in PLE research. In the former, Drosophila spp. have been used 
to explore a variety of traits, and in the latter, various ants, bees, and wasps have been used to 
explore traits associated with castes and/or eusociality. The emphasis on Drosophila is 
unsurprising, given that they are used to study many evolutionary questions. What is surprising is 
the diversity of studies using Hymenoptera, where researchers have done a good job of breaking 
down the complexities of eusociality for evaluating PLE. As noted above, eusociality is a highly 
complex, derived trait that is characterized (in part) by the evolution of discrete castes, and 
recent work emphasizing inducibility of a caste system is consistent with a possible role of PLE 
in the evolution of eusociality [27]. Both systems will likely be among the most important for 
exploring the developmental underpinnings of PLE. In particular, the capacity for experimental 
evolution in Drosophila and its abundant genetic and genomic resources, make it a great 
candidate for studying various phases and the underlying mechanisms (especially the transition 
from plastic to non-plastic trait production) of PLE as it unfolds (e.g., [97,127,128]).  
 Overall, however, there is a strong preference toward the use of animals to study PLE, 
which could be preventing researchers from making even greater insights [129]. For example, 
plants offer excellent opportunities to investigate, among others, the consequences of late 
separation between the soma and germline, somatic selection, indeterminate body plans, niche 
construction, colonization of new habitats (e.g., invasions), and transgenerational plasticity (e.g., 
129-132]). Moreover, although behavior is expected to be important for PLE, what is considered 
behavior in plants may differ from what is considered behavior in animals [133]. For example, if 




source for studying behavior-led evolution. Even if such exploration is not considered a 
behavior, this type of growth is still a form exploratory development and can have important 
implications for how development and PLE unfold (see How different developmental 
mechanisms might bias PLE). Moreover, the diversity of leaf forms within and among plants, 
and their inducibility, provides great opportunities to study plasticity-led evolution of 
morphology [134]. Research on phenotypic plasticity in plants has a rich history (e.g., reviewed 
in [129,131,135,136]), and additional focus on this taxonomic group should significantly 
enhance the PLE research program. More generally, research across a broader range of taxa will 
uncover whether the observed preference in research foci constitute actual variation in the taxa 
that experience PLE. 
 
Suggestions for future research 
 Finally, we close with eight suggestions for future PLE research.  
First, theoretical and empirical studies are needed to help identify the signature(s) of PLE 
to differentiate PLE from mutation-driven evolution [137]. Finding a generalizable signature of 
PLE will likely prove difficult, however, because a trait that was initially generated by a new 
mutation might result in the same final product as one that begins as an environmentally induced 
phenotype [13]. This difficulty arises because genetic and environmental inputs are often 
interchangeable during evolution [6]. Getting around this difficulty will likely require sampling 
from multiple evolutionary (and potentially developmental) time points. In such a time series, 
samples during the early stages of an evolutionary sequence may be useful in distinguishing 
between PLE and mutation-driven evolution [28]. We speculate that a molecular signature of 




conditional expression [67], but may have additional features (e.g., concordance of timing 
between environmental change and increased genetic variation and/or conditional neutrality; 
[139]) that may help point toward PLE. These genetic tests would also require additional 
evidence that there was ancestral plasticity prior to fixation of a particular phenotype, and this 
evidence of ancestral plasticity might take many forms. For example, one could demonstrate 
greater environmental sensitivity of ancestral alleles compared to derived ones (e.g., [50,53]) 
and/or use comparisons among outgroups or ancestors and descendants to evaluate divergence in 
environmental sensitivity in gene regulation or expression (e.g., [117,118]).  
  Second, additional theoretical and empirical studies are needed to clarify how different 
developmental processes and plasticity mechanisms influence PLE (e.g., see Table 8.1 and How 
different developmental mechanisms might bias PLE). These approaches should especially 
focus on how different developmental plasticity mechanisms (e.g., deterministic versus 
exploratory) influence the mode and tempo of PLE.  
Third, future studies should assess whether particular traits or developmental processes 
are more or less interchangeable between genetic and environmental control than other such 
categories. Addressing this issue may help unravel the details of genetic assimilation and how 
environmental induction switches to constitutive production. Some studies have noted that 
changes in thresholds of responsiveness to external cues are important (e.g., [19,57,142]), and 
others have noted concomitant changes in gene expression (e.g., [51,52,143]). However, 
additional investigations that place developmental processes such as hormonal regulation, 
epigenetic change, and gene expression in the context of gene regulatory networks [39] could 





Fourth, we need better information on development in a variety of ecologically relevant 
contexts (e.g., [131,145-147]). While controlled laboratory studies have yielded much 
information about a myriad of developmental mechanisms, such work is incomplete. Some 
topics that should be explored include the type (e.g., random versus biased) and extent of 
variation produced by different developmental mechanisms and how effective different 
mechanisms are at accommodating novel inputs to development. Ideally, efforts to understand 
ecological development should be expanded to include non-model organisms in natural habitats.  
Fifth, some authors have suggested that adaptive evolution (more precisely, the process 
of natural selection) is like an active problem solver, seeking ingenious solutions to difficult 
environmental challenges (e.g.,[148,149]).  If complex evolving systems are able to ‘learn’ and 
generalize from past experiences and apply these learned rules to novel conditions, then it might 
be worth exploring if particular developmental mechanisms (switch-like vs. exploratory) and/or 
properties (modularity and flexible regulation) are more or less important for such generalization 
and application to novel environments.  
Sixth, we need increased empirical work on complex traits—identifying their constituent 
parts, the plasticity of those parts, and how these parts evolve and shape the evolution of the 
complex trait itself. Like behavior, complex traits are expected to play an important role during 
PLE (see Traits used in the study of PLE). The development and evolution of constituent traits 
and modules should be evaluated in a variety of ecological contexts separately from, and in 
addition to, the complex trait itself. 
Seventh, despite theory implicating behavioral plasticity as being important in evolution, 
few studies have examined behavior in the context of PLE. More work is needed on behavior-led 




In addition, a unified framework for studying behavioral plasticity in plants (and fungi and 
microorganisms) and animals would be useful. One difficulty is that many plant behaviors are 
focused on growth [133] and could be described (as by us) as morphological or life history 
changes rather than true behaviors.  
Finally, the taxonomic diversity of the PLE research program, while broad, could be 
improved (see Fig. 8.4). In particular, fungi and microorganisms are underrepresented in PLE 
research (see Taxa used in the study of PLE). Research on these and other underrepresented taxa 
will likely generate new insights. For example, these groups could be used to study a potential 
role of plasticity in major evolutionary transitions (sensu [150]) such as the evolution of 
multicellularity, origins of eukaryotes, and potentially the rise of metazoans. Such research will 
also help us determine if there is any real variation in the types of traits or organisms that 
experience PLE.  
 
Conclusions 
 Despite the growing evidence for PLE, further tests are needed. In general, the future of 
this research program hinges on more detailed investigations of developmental plasticity 
mechanisms; additional theoretical models illustrating the conditions that favor PLE; empirical 
work aimed at uncovering a developmental or genetic signature of PLE; and a broader taxonomic 
focus. By exploring these research avenues, we will have a better understanding of whether or 
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Table 8.1. How extremes along the continuum of plasticity mechanisms might affect different 
aspects of PLE. 




Relatively high dependence 








Deterministic Non-instructive signals and 
emphasis on switches  
Facilitate Large variation in fitness and/or 
opportunity for refinement 
and/or phenotype production 
 
Deterministic Relatively weak costs of 
phenotype production 
Impede Genetic assimilation 
 
 
Exploratory Relatively high costs of 
phenotype production 
Facilitate  Genetic assimilation 
 
 
Exploratory High capacity for 
phenotypic accommodation 
Facilitate Survival in new environment 
and/or genetic assimilation 
 
Exploratory Relatively high phenotype-
environment matching 
Facilitate Higher fitness and/or evolution 
of greater plasticity 
 
Exploratory Relatively high phenotype-
environment matching 
Facilitate Accumulation of genetic 
variation 
Exploratory Relatively high rate of 
response to local 
conditions 
Facilitate Potential bias in phenotype 
production 
Exploratory Relatively high phenotype-
environment matching 







Fig. 8.1. (a) Spadefoot toads (genus Spea) have evolved a unique polyphenism among their 
tadpoles. Normally, Spea tadpoles develop into an ‘omnivore’ morph (left), but if they eat large 
animal prey, such as shrimp (middle), they produce a distinctive ‘carnivore’ morph (right), which 
is characterized by large jaw muscles, notched mouthparts (upper inset) and a short gut (lower 




the ancestor of Scaphiopodidae also did so. To study the evolutionary origin of the carnivore 
morph, Levis et al. [54] used an omnivore-only producer, Sc. holbrookii, as a proxy for the last 
common ancestor of Scaphiopus and Spea (red arrow). (c) When Sc. holbrookii tadpoles were 
fed large animal prey, the tadpoles of this species exhibited diet-induced plasticity—in 
morphology and gene expression--suggesting that the ancestors of Spea likely possessed pre-
existing plasticity in these features as well. Levis et al. [54] hypothesized that when an ancestral 
population began consuming large animal prey (fairy shrimp and other tadpoles), this novel diet 
uncovered selectable variation in morphology (d) and gene expression. Because some of this 
variation was adaptive (for example, producing a shorter gut is adaptive when consuming a 
protein-rich diet), selection presumably favored further refinement of the carnivore morph. As a 
footnote to this story, many animals produce a short gut when they eat meat. Thus, this 
observation suggests that a pre-existing developmental bias might have also played a role in the 







Fig. 8.2. Deterministic processes and DNA sequence variation. (a) Gene X, which encodes a 
transcription factor, is expressed in the brain and in the lungs. Specific regions of DNA 
(enhancers; R, P, B) bind tissue-specific combinations of transcription factors (colored blobs) 
that promote (green arrow) or inhibit (red X) transcription of Gene X.  (b) Since Gene X is itself 
a transcription factor, it helps govern expression of other genes in these tissues. In the brain, 
Gene X works with temperature-sensitive transcription factors Y (hot) or Z (cold) to regulate 
expression of Gene W. Expression of Gene W activates a developmental module leading to 
expression of a white phenotype, whereas lack of expression activates a module leading to 
expression of a black phenotype. In this simple example, any new mutations that affect the 
enhancer sequences of Genes W, X, Y, or Z, coding sequences of Genes W, X, Y, or Z, or the 
binding sites of Transcription Factors X, Y, or Z could cause heritable changes in the organism’s 







Fig. 8.3. The proportion of various trait categories investigated by PLE studies. Values above 
each bar indicate the proportion of traits that fell in that category. Our exploration started with 
the list of studies provided by Schlichting and Wund [25] and Levis and Pfennig [13] and then 
surveyed the literature for more recent studies. To do so, we utilized Google Scholar to search 
for papers that were published after 2014 and included the key words ‘Baldwin effect’, ‘genetic 
accommodation’, ‘genetic assimilation’, ‘phenotypic accommodation’, ‘plasticity-first 
evolution’, or ‘plasticity-led evolution’. We then removed studies that explored the same trait(s) 




‘morphological’, ‘physiological’, ‘behavioral’, ‘life history’, and/or ‘other’; note that although 
most traits have a physiological component, we categorized traits as ‘physiological’ only if 
physiology was studied specifically). Occasionally, studies examined either multiple traits or a 








Fig. 8.4. The taxonomic breadth at which PLE has been studied across (a) broad taxonomic 
groups; (b) vertebrates; (c) invertebrate phyla; and (d) arthropod classes. In all cases, values 





CHAPTER IX  
CONCLUSION AND REFLECTION 
 
 A longstanding problem in biology is to understand where new complex traits come 
from. One controversial answer to this question is that environmentally induced changes to an 
organism’s features—a process known as plasticity—might facilitate the origin of new traits.  
 Recently, there have been calls for more studies to evaluate the role of plasticity in 
promoting novelty, especially in natural populations of non-model organisms. My dissertation 
explicitly answers these calls. There are two major branches to my dissertation that, together, 
significantly drive the field forward. The first branch addresses conceptual and theoretical issues 
surrounding plasticity and evolution. By exploring the broader literature on plasticity’s role in 
evolution, I was able to compile an annotated bibliography of key works that will aid other 
researchers entering this field. I also described the key criteria for demonstrating if plasticity is a 
leader in novelty and adaptation, with particular emphasis on natural populations. Finally, I 
developed a conceptual and analytical framework for evaluating these criteria, and this 
framework has successfully fostered work in a diversity of traits and organisms.  
 The second branch of my dissertation focuses on empirical experimentation to evaluate 
whether or not plasticity might lead to the evolution of new features. By using my framework to 
evaluate the key criteria for plasticity acting as a leader in evolutionary innovation, I found 
evidence that plasticity has indeed contributed to the evolution of a novel, complex trait—
carnivorous tadpoles—in natural populations of spadefoot toads.  I will now briefly synthesize 




 Recall that Spea tadpoles exhibit a novel polyphenism not seen in other species [1]. This 
polyphenism consists of an omnivore ecomorph, which primarily eats detritus, and a 
morphologically and behaviorally distinctive carnivore ecomorph, which specializes on shrimp 
and which expresses a suite of unique, complex traits [2]. Omnivores are the default morph; 
carnivores are induced when a young omnivore eats shrimp or other tadpoles [3,4]. However, 
most populations harbor heritable variation in the propensity to eat shrimp and produce 
carnivores [5-9]. Carnivores arise developmentally from an omnivore-like form via accelerated 
growth of features [3], and frequency dependent, disruptive selection—stemming from resource 
competition—maintains both ecomorphs within most populations [10]. This novel form likely 
arose via plasticity-led evolution. 
 Based on previous work in this system and the data contained in this dissertation, it is my 
opinion that when an ancestral population of spadefoots began consuming shrimp, this dietary 
shift uncovered selectable variation in morphological and gene expression plasticity [11,12]. 
Because some of this variation was adaptive (e.g., producing a shorter gut would be adaptive 
when consuming a protein-rich diet), selection favored individuals that could switch between 
resources and thereby utilize a novel niche (short-duration ponds specifically and more arid 
environments generally). More generally, because individuals that exhibited the most 
pronounced plasticity obtained a growth benefit in a competition-heavy environment with 
alternative resources (Levis et al. in revision), this plasticity should be favored by selection and 
undergo adaptive refinement. In addition to positive selection favoring plasticity and associated 
traits, even non-adaptive plasticity in expression carnivore-biased genes could have potentially 
aided adaptation to the novel shrimp resource. Namely, by increasing the amount of variation in 




and any correlated traits [13-15]. Over time, selection then molded these incipient plastic 
responses into a fully formed polyphenism through accommodation of new genetic combinations 
and regulatory changes (i.e., via recombination and/or new mutation).   
Following the establishment of the alternative tadpole ecomorphs, some lineages 
underwent more extensive refinement as the carnivore morph approached fixation [12, 16-18]. 
Specifically, compared to plastic allopatric ancestral populations, sympatric S. bombifrons are 
superior competitors for shrimp, have more carnivore-like traits, exhibit some carnivore traits 
even in the absence of the inducing cue, are more carnivore-like at hatching, have reduced diet-
dependent gene expression plasticity, and have acquired additional traits that accompany the 
carnivore morphology (i.e., a keratinized spike descending from the palate). Thus, this 
coordinated, well-adapted phenotype that predominates in some populations likely had its origins 
as an unrefined plastic response to a novel resource.  
 Although my work has certainly advanced the field’s understanding of, and appreciation 
for, plasticity’s role in evolution, it is just as certainly incomplete. My work has helped make the 
plasticity-led hypothesis understandable and tractable for other researchers, and it has confirmed 
key predictions of this hypothesis in a natural system. Both of these ends are significant and 
answer the call for more empirical data on this issue (see Introduction). However, they alone are 
insufficient. More work is needed on the spadefoot system and in the field as a whole. Regarding 
the former, much more work is needed to understand the developmental basis of diet-induced 
plasticity and how developmental systems have been altered during adaptive refinement into a 
polyphenism and fixed trait. Work exploring genes under selection in sympatric, but not 





 During my dissertation, I often found myself asking the question “What is new here?” 
when I was thinking about plasticity-led evolution (PLE). Here, I attempt an answer. Plasticity-
led evolution adds a new angle to evolutionary thinking by emphasizing the constructive power 
of phenotypic plasticity. This view runs counter to a traditional interpretation that emphasizes 
plasticity’s constraining effects on evolution. Moreover, a PLE perspective explicitly affirms 
that adaptive phenotypic evolution is not solely a consequence of selection acting on genetic 
variation. Instead, it highlights that adaptive evolution results from selection acting on heritable 
developmental variation, and developmental variation, of course, arises as a consequence of both 
gene products and environmental inputs. In addition, by placing a major focus on the initial 
development of new phenotypes, the PLE hypothesis re-orders the sequence of events leading to 
adaptive evolution. Although the PLE hypothesis recognizes genetic variation as a necessary pre-
requisite for evolutionary innovation and diversification, it emphasizes how such variation might 
only be revealed to selection when a change in the environment induces a change in phenotype; 
i.e., through plasticity. Thus, by considering plasticity generally, and PLE specifically, we can 
gain a more holistic understanding of the evolutionary process and how it gives rise to the 
diversity of life. 
 Of course, more work on plasticity’s role in evolution is needed (see Chapter VIII; [19]). 
Below, I describe two important challenges leveraged against PLE that I will call 1) sequence 
versus significance (e.g., [15]), and 2) ability to discriminate (e.g., [21,22]). Both of these 
challenges focus on whether or not a PLE interpretation is necessary and/or sufficient to explain 
evolutionary innovation and diversification. I will visit each in turn. 
 The first, sequence versus significance stems from the fact that most environmentally 




plastic responses is a prerequisite for PLE. From this perspective, “genes are ‘followers’ only to 
the extent that genetic assimilation...‘fine-tunes’ an adaptation that had already evolved by 
selection and genetic variation” [23]. This contrasts with West-Eberhard’s [24] view that, “most 
phenotypic evolution begins with environmentally initiated phenotypic change… Gene-
frequency change follows, as a response to the developmental change... Genes are followers, not 
necessarily leaders, in phenotypic evolution” (pp. 157-158). While both views note that 
downstream quantitative genetic changes modify and refine an environmentally induced 
phenotype, the former emphasizes the role of past selection and existing variation, while the 
latter emphasizes the relative importance of different processes—development of novel 
phenotypic variants versus selection on those variants—during adaptive evolution. Thus, the 
challenge is that PLE may not constitute a significant departure from, or extension of, 
evolutionary theory: selection and genetic variation precede any plastic responses that ignite a 
sequence of PLE. However, even if past selection may have acted and/or genetic variation 
already exists, the significance view would argue that these factors are not developmentally or 
phenotypically important until an environmental change makes them so. In this way, the 
environmental induction and uncovering of previously cryptic variation (regardless of how that 
variation accumulated) plays the major (i.e., leading) role during a particular bout of phenotypic 
evolution.  
 The significance view also elevates the importance of environmental change during 
adaptive evolution by 1) placing it on equal footing with mutation during the initiation of 
novelty, and 2) suggesting that it may have greater evolutionary potential than a new mutation. 
Whereas novel genotypic variation ultimately stems from new mutations, novel phenotypic 




environmental factors. Therefore, when considering the origin of novel phenotypes, the roles of 
gene products and environmental inputs must both be considered. Furthermore, these two kinds 
of inputs may even be viewed as interchangeable (as an example consider 'phenocopies'; sensu 
[25]) since both contribute to developmental innovation. Moreover, because phenotypic variation 
is required for evolution by natural selection, environmental change (like new mutations) can be 
considered a first-order cause of evolutionary novelty. That is, environmental inputs during 
development give rise to new phenotypes before natural selection sifts among those phenotypes. 
Importantly, this view re-orients how we think of environmental change by highlighting its dual 
role as a generator and then selector of phenotypic variation.  
 In addition to being partners with gene products during developmental—and thus 
phenotypic—innovation, environmental inputs may harbor greater evolutionary potential than 
new mutations for at least two, non-mutually exclusive reasons [24,26]. First, changes in the 
environment often affect many individuals simultaneously, in contrast to a genetic mutation, 
which initially affects only one individual and its immediate descendants. This widespread 
impact of environmental change enables a newly induced trait to be tested among diverse genetic 
backgrounds, thereby providing ample opportunity for selection to act and increasing the chances 
that subsequent refinement will occur. Second, although the chance that a particular mutation 
will occur is not influenced by whether or not the organism is in an environment in which that 
mutation will be advantageous- in other words, adaptively directed mutation does not occur [27]- 
environmentally triggered traits are always associated with a particular environment- the one that 
triggered it. Therefore, environmentally induced traits are more likely than mutationally induced 
novelties to experience consistent selection and directional modification [24]. This constancy 




refine their expression [28]. While transmission of environmentally induced novelties across 
generations requires some mechanism of inheritance, which is most likely genetic, the same is 
true of mutationally induced novelties: both require a pre-existing genetic (or otherwise 
heritable) background in which to integrate and transmit novel information. In sum, 
environmental initiation of novel traits might have greater evolutionary potential than previously 
appreciated and may even have greater potential than new mutations. 
 The second major challenge to PLE is its alleged inability to discriminate among 
alternative hypotheses [21,22]. This problem largely stems from the methodological approaches 
that have been used to study PLE. Specifically, since most studies focus on characteristics of 
extant taxa using ancestor-derived comparisons of phenotypic responses, it is difficult (or 
perhaps in some cases, impossible) to determine if ancestral plasticity mediated evolutionary 
change or if a de novo, lineage-specific mutation did. That is, without understanding the 
molecular basis of plastic responses, one cannot determine if a new mutation preceded and drove 
the development of the derived phenotype or, conversely, if cryptic genetic variation (coupled 
with environmental change) did. In addition, it is difficult to disentangle whether 
macroevolutionary patterns are shaped by intraspecific plastic responses or are the result of 
developmental constraints on what phenotypic outcomes are possible [22].  
Notably, the key predictions described in this dissertation do not address either of these 
difficulties. Yet, these concerns are irrelevant if the key predictions are not supported. Thus, 
while the predictions above are absolutely necessary, they may not be entirely sufficient to rule 
out alternative hypotheses. A good example that extends beyond these predictions comes from a 
study of craniofacial morphology in cichlids by Parsons et al. [29]. In this study, researchers 




step further by identifying environmentally sensitive quantitative trait loci and determining that 
the derived allele of one of these loci exhibited markedly reduced environmentally sensitivity 
than the ancestral allele. That is, they were able to identify a particular regulatory locus whose 
evolution matches predictions of genetic assimilation via PLE. Recently, more attention has been 
paid to the evolution of plasticity mechanisms and how various mechanisms might influence 
PLE in different ways [19,30]. This focus on mechanisms, coupled with additional theoretical 
and modeling efforts (e.g., [31,32]), may provide tractable approaches for dealing with the 
difficulty of discriminating among alternative hypotheses [21]. This problem is certainly a key 
frontier into which future research should venture.  
 In conclusion, my dissertation has advanced the field of evolutionary biology not only by 
providing a much-needed example of plasticity as a leader in evolution from a natural 
population, but also because my body of work has enabled and contributed to additional tests in 
diverse systems. These efforts help provide a solution to one of biology’s perennial challenges: 
the origins of novelty. 
 





1. Ledón-Rettig, C.C. et al. (2008) Ancestral variation and the potential for genetic 
accommodation in larval amphibians: implications for the evolution of novel feeding 
strategies. Evol. Dev. 10, 316-325 
2. Pfennig, D.W. (1990) The adaptive significance of an environmentally-cued 
developmental switch in an anuran tadpole. Oecologia 85, 101-107 
3. Pfennig, D.W. (1992) Proximate and functional causes of polyphenism in an anuran 
tadpole. Funct. Ecol. 6, 167-174 
4. Levis, N.A. et al. (2015) An inducible offense: carnivore morph tadpoles induced by 
tadpole carnivory. Ecol. Evol. 5, 1405-1411 
5. Pfennig, D.W. and Frankino, W.A. (1997) Kin-mediated morphogenesis in facultatively 
cannibalistic tadpoles. Evolution 51, 1993-1999 
6. Pfennig, D.W. (1999) Cannibalistic tadpoles that pose the greatest threat to kin are most 
likely to discriminate kin. Proc. R. Soc. B 1998, 57-61 
7. Pfennig, D.W. and Murphy, P.J. (2000) Character displacement in polyphenic tadpoles. 
Evolution 54, 1738-1749 
8.  Pfennig, D.W. and Murphy, P.J. (2002) How fluctuating competition and phenotypic 
plasticity mediate species divergence. Evolution 56, 1217-1228 
9. Martin, R.A. and Pfennig, D.W. (2011) Evaluating the targets of selection during 
character displacement. Evolution 65, 2946-2958 
10. Pfennig, D.W. et al. (2007) Field and experimental evidence for competition's role in 
phenotypic divergence. Evolution 61, 257-271 
11. Ledón-Rettig, C.C. et al. (2010) Diet and hormonal manipulation reveal cryptic genetic 
variation: implications for the evolution of novel feeding strategies. Proc. R. Soc. B 277, 
3569-3578 
12. Levis, N.A. et al. (2018) Morphological novelty emerges from pre-existing phenotypic 
plasticity. Nat. Ecol. Evol. 2, 1289-1297 
13. Ghalambor, C.K. et al. (2007) Adaptive versus non-adaptive phenotypic plasticity and 
the potential for contemporary adaptation in new environments. Funct. Ecol. 21, 394-407 
14. Ghalambor, C.K. et al. (2015) Non-adaptive plasticity potentiates rapid adaptive 
evolution of gene expression in nature. Nature 525, 372-375 
15. Huang, Y. and Agrawal, A.F. (2016) Experimental evolution of gene expression and 




16. Pfennig, D.W. and Murphy, P.J. (2003) A test of alternative hypotheses for character 
divergence between coexisting species. Ecology 84, 1288-1297 
17. Levis, N.A. et al. (2017) Genetic accommodation in the wild: evolution of gene 
expression plasticity during character displacement. J. Evol. Biol. 30, 1712-1723 
18. Levis, N.A. and Pfennig, D.W. (2019) Plasticity-led evolution: evaluating the key 
prediction of frequency-dependent adaptation. Proc. R. Soc. B 286, 20182754 
19. Levis, N.A. and Pfennig, D.W. (2020) Plasticity-led evolution: a survey of developmental 
mechanisms and empirical tests. Evol. Dev. 22, 71-87 
20. Futuyma, D.J. (2015) Can modern evolutionary theory explain macroevolution? In 
Macroevolution: explanation, interpretation and evidence (Serrelli, E. and Gontier, N., 
eds), pp. 29-85, Springer 
21. Kovaka, K. (2019) Underdetermination and evidence in the developmental plasticity 
debate. Br. J. Philos. Sci. 70, 127-152 
22. Noble, D.W. et al. (2019) Plastic responses to novel environments are biased towards 
phenotype dimensions with high additive genetic variation. PNAS 116, 13452-13461 
23. Futuyma, D.J. (2017) Evolutionary biology today and the call for an extended synthesis. 
Interface Focus 7, 20160145 
24. West-Eberhard, M.J. (2003) Developmental plasticity and evolution, Oxford University 
Press 
25. Goldschmidt, R. (1935) Gen und Ausseneigenschft. I-II. Zeit. ind. Abst. Vererb 69, 38-
131 
26. Levis, N.A. amd Pfennig, D.W. (2016) Evaluating 'plasticity-first' evolution in nature: 
key criteria and empirical approaches. Trends Ecol. Evol. 31, 563-574 
27. Sniegowski, P.D. and Lenski, R.E. (1995) Mutation and adaptation: the directed mutation 
controversy in evolutionary perspective. Annu. Rev. Ecol. Evol. Syst. 26, 553-578 
28. Badyaev, A.V. (2005) Stress-induced variation in evolution: from behavioural plasticity 
to genetic assimilation. Proc. R. Soc. B 272, 877-886 
29. Parsons, K.J. et al. (2016) Foraging environment determines the genetic architecture and 
evolutionary potential of trophic morphology in cichlid fishes. Mol. Ecol. 25, 6012-6023 
30. Snell-Rood, E.C. et al. (2018) Mechanisms of plastic rescue in novel environments. 
Annu. Rev. Ecol. Evol. Syst. 49, 331-354 
31. Scheiner, S. M. (2014) The genetics of phenotypic plasticity. XIII. Interactions with 




32. Scheiner, S.M. et al. (2017) The genetics of phenotypic plasticity. XV. Genetic 
assimilation, the Baldwin effect, and evolutionary rescue. Ecol. Evol. 7, 8788-8803 
